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Abstract

Resumen

Resumo

Vitamin loss during irradiation has been
claimed as a critical area in food irradiation
technology, especially that of thiamine (B1),
which has been considered as the most
sensitive to radiation. Although it has been
suggested that no vitamin deficiency could
result from consuming irradiated food,

a long debate on the loss of vitamins and
other nutrients during food irradiation has
been maintained by the lack of experimental
studies monitoring decomposition rates at
different concentrations and doses. Since
thiamine, riboflavin, and pyridoxine are
labile vitamins, this study has focused on
their radiolytic decomposition in dilute
aqueous solutions in the presence of air.

The decomposition process was followed

by HPLC and UV-spectroscopy. The results
obtained in aqueous solutions showed a
dependence of the decomposition as a
nonlinear function of the dose. Of these three
compounds, the decomposition was higher
for thiamine than for riboflavin and even less
in pyridoxine.

La pérdida de vitaminas durante procesos

de irradiacién ha sido considerada como un
drea critica en la tecnologia de irradiacion

de alimentos, especialmente la tiamina (B1),
que ha sido considerada como la mds sensible
a la radiacion ionizante. La deficiencia de
vitaminas en humanos no es producida por
el consumo de alimentos irradiados, sin
embargo, existen debates sobre la pérdida de
vitaminas y otros nutrientes provocada por
la irradiacion de alimentos, esta discusion
sigue latente debido a que hay pocos estudios
experimentales de la descomposicién

de vitaminas a diferentes dosis y
concentraciones. Esta investigacion se centro
en el estudio de la descomposicion radiolitica
de tiamina, riboflavina y piridoxina en
soluciones acuosas y en presencia de aire. El
proceso de descomposicion fue seguido por
cromatografia liquida con deteccién UV. Los
resultados obtenidos en soluciones acuosas
mostraron una dependencia no lineal entre
la descomposicion en funcién de la dosis. De
estos tres compuestos, la descomposicion fue
mayor en tiamina que en riboflavina y menor
en la piridoxina.

A perda de vitaminas durante processos

de irradiagio tem sido considerada uma
drea critica na tecnologia de irradiagdo

de alimentos, especialmente no caso da
tiamina (B1), que tem sido considerada
como a mais sensivel a radia¢do ionizante.
Embora a deficiéncia de vitaminas em

seres humanos nao seja produzida pelo
consumo de alimentos irradiados, longos
debates sobre as perdas de vitaminas e
outros nutrientes causadas pela irradiagao
de alimentos tem sido mantidos devido

aos estudos experimentais limitados
monitorando a proporgio da decomposi¢ao
em diferentes concentragdes de vitaminas e
doses de radiagdo aplicadas. Considerando
que a tiamina, riboflavina e piridoxina

sdo vitaminas instaveis, o presente estudo
focalizou a decomposic¢io radiolitica dessas
vitaminas em solu¢des aquosas diluidas e na
presenca de ar. O processo de decomposi¢do
foi analizado por cromatografia liquida

com detec¢do UV. Os resultados obtidos

em solu¢des aquosas mostraram uma
dependéncia da decomposi¢ao como fun¢io
nao linear da dose. Destes trés compostos, a
descomposi¢ao foi mais alta para tiamina que
na riboflavina e menor para piridoxina.
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Introduction

Food irradiation is a physical method applied for preservation and stor-
age of a foodstuff (1) and, among the many advantages, this process re-
duces pathogen microbes while preserving nutritional value. Certainly,
the most important benefit of this technology from the microbiological
point of view is the high quality of irradiated food because, depending
on the dose, the process destroys common disease-causing microorgan-
isms, among which are Salmonella spp., E. coli, Clostridium botulinum,
etc. (2). The interest in food irradiation is high in order to avoid eco-
nomic losses worldwide, caused by contamination and degradation dur-
ing their transportation from the production to the consumption cen-
ters. This treatment applies to fruits, vegetables, red meat, chicken, fish,
and seafood. Shelf-life can be considerably extended with a combined
treatment of low-dose irradiation and cooling, without altering taste or
texture (3). Nonetheless, some disadvantages of food irradiation include
the breakdown of vitamins.

Vitamins are organic compounds that are easily affected during the
processes of conservation, in particular under treatments applying the
irradiation doses commonly used for food preservation (1, 3-6). Vita-
mins are essential micronutrients for the metabolism of living beings
since they are necessary for growth and proper bodily function of or-
ganisms (7). Therefore the mechanisms of vitamin loss caused by the ac-
tion of ionizing radiation are of vital importance in radiation chemistry
studies as are the parameters that modify this destruction, mainly in
aqueous solution (8-15). On the other hand, it should be remembered
that radiation does not behave in the same or similar ways in all types of
products and the degree of vitamin destruction depends, among other
variables, on the composition of the food and on its water content, on
the irradiation dose, and on the nature and the concentrations of the
vitamins (3, 9, 10, 16-18).

In order to clarify the radiolytic process of vitamin loss during irra-
diation this paper has examined different important vitamins frequently
destroyed during food preservation, such as thiamine, riboflavin, and
pyridoxine. The reason to study the effects of gamma irradiation on
these vitamins relates to the fact that food contains a high percentage
of water and these vitamins are easily dissolved on it. The aim of this
work is to provide an experimental framework for comparison during
conventional food irradiation.

Materials And Methods

Materials

The irradiation vials were cleaned with a sulfuric-nitric acid mixture,
rinsed with plenty of running water, then washed in bidistilled water
and deionized water, and subsequently dried at 250 °C for two hours.
The reagents used were of the highest purity existing on the market
and were used without further purification. Thiamine, riboflavin, and
pyridoxine, in addition to 1-hexane-sulphonic acid (sodium salt), acetic
acid, and methanol were from Aldrich. The water used was obtained
from a compact Milli-Q Plus Water System.

Samples

Solutions of vitamins were prepared in concentrations ranging from
0.25 to 2 mmol/L for thiamine and pyridoxine, and from 0.05 to 0.25
mmol/L for riboflavin.
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Irradiation

Solutions for each of the substances were prepared by progressive di-
lution of stock solutions prepared by carefully weighing appropriate
amounts of each one of the solids. Aliquots (3 mL) of each vitamin so-
lution were irradiated using glass cells closed with Thermogreen LB-1
plugs. Samples were irradiated to different doses with a cobalt-60 gam-
ma source (Gamma-beam 651 PT, MDS Nordion, containing 1.85 x 10*
Bq of Co-60) using a dose rate of 13.74 Gy/min at 22 °C, calibrated with
Frick dosimetry (19).

Liquid chromatography

Analyses were carried out immediately after irradiation by high per-
formance liquid chromatography. These analyses were performed with
an Agilent Technologies, LC series 1100 HPLC (degasser, quaternary
pump, autosampler, and diode array detector). The separations were
carried out isocratically on a 150 mm x 4.6 mm i. d. Hypersil ODS 5 pm
column. The optimized mobile phase was a mixture of 80 % v/v aqueous
5 mmol/L 1-hexanesulfonic acid (sodium salt) solution containing 1 %
v/v glacial acetic acid and 20 % v/v methanol at a flow rate of 0.4 mL/
min. The volume injected was 100 pL. The detector was used to record
spectral data from 200 to 400 nm in a 3-D format. Appropriate spectra
and chromatograms were extracted from these recordings. Concentra-
tions of the vitamins were determined from peak areas at appropriate
wavelengths.

Results

The results of decomposition of vitamins due to the absorbed dose are
an average of three or more irradiated samples, which were analyzed by
chromatography. Possible errors are largely limited by system behavior
and are estimated to correspond to a standard deviation of less than 3 %.

Effect of irradiation dose on thiamine (vitamin B1) in aqueous solution

Gamma irradiation produced significant changes in the aqueous solu-
tion of thiamine (Vitamin B1), as indicated in Figure 1A, which shows
the chromatographs of a 1 mmol/L aqueous solution of thiamine irradi-
ated to increasing doses of 0, 0.35, 0.7, 1.05, 1.40, 1.75, and 2.10 kGy.

The effects of the irradiation dose for thiamine can be observed
mainly in three peaks (or domains). Peak 1 contains several radiolytic
products including pyrimidine and thiazole, formed during the irradia-
tion process in quite small quantities. The area under peak 3 shows that,
as the absorbed dose increased, the thiamine concentration decreased
accordingly.

This result also shows a new compound (peak 2) emerging as thia-
mine decomposition continues, increasing as the dose increases. Al-
though this main radiolytic product (peak 2) has not been identified,
this product presented a different UV spectrum from either of the two
rings which form the vitamin, 4-methyl-5-(B-hydroxyethyl)-thiazole
and 2,5-dimethyl-4-amino-pyrimidine (Figure 1B).

As shown in Figure 1B, some radiolytic products were formed dur-
ing thiamine irradiation. Products 1 and 2 absorb at different wave-
lengths than thiamine, and also do not correspond to thiazole (t,= 5.5
min). This result indicates that thiamine did not simply break into its
two rings (20).
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Figure 1. A. Representative chromatograms from irradiated samples of aqueous solutions of thiamine, recorded at 245 nm. Irradiation doses were 0, 0.35, 0.70, 1.05, 1.40, 1.75, and 2.10
kGy. Peak identification: 1) secondary radiolytic products (including the pyrimidine and thiazole); 2) main radiolytic product; 3) thiamine. B. UV spectra of thiamine and its radiolytic

products: 1) secondary radiolytic product, t, =5 min; 2) main radiolytic product, t,

As shown in Figure 2, the decomposition of thiamine in aqueous so-
lution due to irradiation occurs even at low doses. Since the radiation ef-
fects depend on dose variation, it was very important to monitor struc-
tural changes in thiamine. Table 1 shows the percent loss of thiamine (1
mmol/L) at different doses administered at a dose rate of 13.74 Gy/min.

Doses of 0.1 to 1 kGy are used to inhibit infestations (21). For example,
the dose used for the disinfection of grains is about 0.6 kGy. In contrast,
an irradiated aqueous solution of 1 mmol/L of thiamine lost about 25%
of the target compound. These results are also consistent with other stud-
ies (9, 17-18) that indicate that higher irradiation doses, similar to those
employed to eliminate pathogenic micro-organisms such as Salmonella
(2.5-3.0 kGy) induce decomposition of the vitamin higher than 50%.

Effects of irradiation dose on pyridoxine (vitamin B6) in aqueous solution

Figure 3 shows the chromatograms of a 0.25 mmol/L solution of pyri-
doxine irradiated with different doses. The peak of pyridoxine decreases
as the dose increases; at the same time, new peaks are detected whose ar-
eas increase as the dose increases. The radiolytic products formed have
been identified, as indicated in Figure 3, in an earlier paper by Albarran
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Figure 2. Decomposition (%) of thiamine in aqueous solution as a function of dose.
Thiamine concentrations varied from 0.25 mmol/L to 2 mmol/L and irradiation
dose varied from 0 to 412 Gy.
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=9.3 min; 3) thiamine.

et al., 2008 (15). In that paper the radiolytic products were analyzed by
HPLC equipped with photodiode array and mass detectors.

The different decompositions percentages with respect to irradiation
dose, with concentrations of the vitamin from 0.25 to 2.0 mmol/L, can
be seen in Figure 4. The Table 1 shows the percent loss of pyridoxine (1
mmol/L) at different doses administered at a dose rate of 13.74 Gy/min.

The decomposition of pyridoxine in aqueous solution is less than
that of the other two vitamins. This vitamin usually occurs in the form

Table 1. Percent loss of thiamine and pyridoxine at different radiation doses in aqueous
solution (initial concentrations: 1 mmol/L).

Dose Loss of thiamine Loss of pyridoxine
(kGy) (%) (%)
0? 0* 0*
0.07 4.5 2.5
0.14 9 4
0.20 12 —-b
0.25 13.8 7
0.27 15 8
0.34 17 9
0.41 20 11
0.50 23 13
1.00 33 23
1.25 38 —-t
1.50 42 33
1.75 46 37
2.00 50 40
2.25 53 —-b
2.50 57 —-b
2.75 59 —-b
3.00 61 —-b

2 Unirradiated vitamins, 0 % loss of vitamin.
® Pyridoxine non-irradiated at these doses.
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Figure 3. Chromatograms of 0.25 mmol/L pyridoxine irradiated to different doses,
recorded at 234 nm. The radiolytic products are: 1) pyridoxy-3,6-quinone,
2)  2,45-trihydroxymethyl-3-pyridinol,  3) pyridoxal, 4) isopyridoxal,
5) 6-hydroxypyridoxine, 6) pyridoxine.
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Figure 4. Decomposition (%) of pyridoxine in aqueous solution as a function of dose.
Vitamin concentrations varied from 0.25 mmol/L to 2.0 mmol/L and irradiation

doses varied from 0 to 412 Gy.
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Figure 5. A. Chromatogram of a 0.05 mmol/L of riboflavin without irradiation (—=) and irradiated at 2.1 kGy (—=). B. UV spectra of radiolytic products (t, = 5 and 10 min) and riboflavin
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as a function of dose.

Table 2. loss of riboflavin to different radiation dose in aqueous solution. (Initial

concentration 0.1 mmol/L)

Dose Loss of riboflavin
(kGy) (%)
0? 0?
0.35 31
0.70 951
1.05 1265
1.40 75
1.75 84
2.10 88

¢Unirradiated vitamins.

Rev. Colomb. Quim. 2014, 43 (3), 5-12.




of a coenzyme in metabolic processes. This may be why its radiolysis is
somehow protected in food.

Effect of irradiation dose on riboflavin (vitamin B2) in aqueous solution

Figure 5A presents the chromatogram of a 0.05 mmol/L solution of ri-
boflavin in aqueous solution (a) without irradiation and (b) subjected
to a dose of gamma radiation of 2.1 kGy. This chromatogram shows a
significant decrease of the riboflavin peak, as well as the emergence of
other peaks with different retention times, representing the radiolytic
products obtained after irradiation, although these products appeared
in negligible concentrations at lower doses. Figure 5B shows the UV
spectra of the two radiolytic products obtained after a dose of 2.1 kGy,
which absorb at different wavelengths in comparison with the spectrum
of pure riboflavin. These radiolytic products may be parts of riboflavin,
however, they have not yet been identified.

A critical dose is observed for riboflavin, as deduced from Figure
6, which shows the decomposition percentage of aqueous solutions of
riboflavin exposed to gamma radiation at different doses and varying
concentrations (0.25, 0.1, and 0.05 mmol/L). The Table 2 shows the per-
cent loss of riboflavin at different doses administered, (concentration 0.1
mmol/L). Due to the low solubility of the riboflavin, the results of the
loss of this vitamin were not disclosed in the Table 1.

Because the maximum solubility of riboflavin is 0.01 mg in 100 mL
of water (a concentration of 0.265 mmol/L), the highest concentration
used in this experiment was 0.25 mmol/L. However, for practical pur-
poses, this concentration is already too high since the concentration of
this vitamin in food is less than 0.01 mmol/L. As an example, milk con-
tains 0.17 mg in 100 mL, corresponding to 4.5 pmol/L in aqueous solu-
tion (22). Because the maximum solubility of riboflavin is 70 mg in 100
mL of water (a concentration of 0.18 mmol/L) (23), the highest concen-
tration used in this experiment was 0.25 mmol/L. However, for practical
purposes, this concentration is already too high since the concentration
of this vitamin in food is less. As an example, milk contains 1.78 mg in
100 mL, corresponding to 0.047 mmol/L in aqueous solution (7).

On the other hand, the solution with the lowest concentration of
riboflavin (0.05 mmol/L) shows a higher decomposition rate and the
graph presents curvature, which is an indication of the formation of
some secondary radiolytic products. This fact indicates that the ribofla-
vin concentration decreased with increasing radiation dose and that the
presence of radicals derived from water react with the primary radio-
lytic products. The other solutions present less curvature.

As presented in Figure 6 the rate of riboflavin decomposition is less
than that of thiamine at the same dose of irradiation. Moreover, the ri-
boflavin solution has a concentration ten times lower (0.1 mmol/L) than
that used with the solution of thiamine (1 mmol/L), therefore its decom-
position is readily noticeable. It should be pointed out that a significant
loss of riboflavin occurs due to its high reactivity to light (23) and to
interaction with radicals from the water produced during the irradiation
process (11).

Discussion

This work describes the decomposition of thiamine, riboflavin, and pyr-
idoxine in dilute aqueous solutions under low-dose gamma irradiation.
All the vitamins exhibit radiation decomposition at low doses with the
subsequent formation of new radiolytic products.

Because thiamine, riboflavin, and pyridoxine were irradiated in
aqueous solutions at low concentrations, it is considered that radiation
interacts with the water of the system producing fairly reactive species
that then react with the vitamins, causing their decomposition. The de-

composition of the vitamins is not proportional to the absorbed dose
because the initial concentration of vitamins decreases as function of
the dose, and the newly formed radiolytic products also compete for
the free radicals, that is the oxidizing species “OH, HO,, and H,0, (11)
produced in the radiolytic decomposition of water.

Given the understandable requirement to use minimal radiation
doses for food irradiation, this study was carried out under specific con-
ditions such as low concentrations in aqueous solution and in the pres-
ence of oxygen. Since these experiments were different from the actual
conditions of vitamin-containing foods, some irradiation effects could
be modified by the presence of other sheltering biomolecules. Vitamins
are often linked to enzymes or other molecules that protect them from
ionizing radiation, diminishing the degree of decomposition.

Future studies should continue to examine the differential preser-
vation effects of gamma irradiation on vitamins contained in food in
order to explain and quantify differential decomposition of vitamins in
food preservation or to design free radical scavengers for food protec-
tion during gamma irradiation of food.

Most importantly these studies on vitamin irradiation should help
to overcome public resistance to irradiated products, sustained gener-
ally by the lack of information and fear of radiation, and will encourage
further experimental studies on vitamins derived from different food
products. Public awareness of the benefits of this technology in mini-
mizing nutrient loss and maximizing product safety in our modern so-
ciety remains an important goal.

Conclusions

The results obtained in this study indicate that there is a nonlinear de-
pendence of the decomposition as a function of the dose; nevertheless,
the decomposition seems to be strongly dependent on the concentra-
tion of the vitamins since at higher concentrations, less vitamin is lost.
Comparing the three vitamins analyzed at the same dose (412 Gy) and
concentration (0.25 mmol/L) it was deduced that the order of decompo-
sition is thiamine > riboflavin > pyridoxine (47, 44, and 35 % respective-
ly). The decomposition of vitamins takes place mainly because radicals
from the radiolysis of water (fOH, —“H and hydrated electrons) attack
them, mainly forming oxidized radiolytic products.

Acknowledgements

The authors are especially grateful to Professor Carol H. Collins for her
suggestions and corrections. The authors are indebted to Fis. Francisco
Garcia (ICN-UNAM) for sample irradiation. This work was performed
under the support of PAPIIT-UNAM grant, No. IN205713.

References

1. Kilcast, D. Effect of irradiation on vitamins. Food Chem. 1994. 49:
157-164.

2. Urbain, W. M. Food Irradiation. Cambridge, UK. Academic Press
Inc. pp 157-164. 1986.

3. WHO Technical Report Series 890. High-dose irradiation: Whole-
someness of food irradiated with doses about 10 kGy. World Health
Organization, Geneva. pp 40-47. 1999.

4. Dionisio, A. P; Takassugui-Gomes, R.; Oetterer, M. Ionizing Radia-
tion Effects on Food Vitamins — A Review. Braz. Arch. Biol. Technol.
2009.5:1267-1278.

39



10.

11.

12.

13.

14.

Diehl, J. E; Hasselmann, C.; Kilcast, D. Regulation of food irradia-
tion in the European Community: is nutrition an issue? Food Con-
trol, 1991.2: 212-219.

Dong, E. M; Lee, C. J.; Rasco, B. A.; Hungate, E P. Effects of gamma-
irradiation on the contents of thiamin, riboflavin, and vitamin B-12
in dairy products for low microbial diets. J. Food Proc. Pres. 1989.
13:233-244.

Zempleni, J.; Rucker, R. B.; McCormick, D. B.; Suttie, J. W. (Eds).
Handbook of vitamins, 4" Ed. CRC Press, Boca Raton, Fl. 2007.
Getoff, N. Vitamin Free Radicals and their Anticancer Action. In
vivo. 2009. 23: 599-612.

Heinrich, E.; Getoff, N. Effect of vitamin B1 and mixtures of B1 with
other vitamins on cytostatic efficiency of sanazole under irradiation.
Radiat. Phys. Chem. 2003. 67: 487-492.

Wilska-Jeszka, J. Comparative studies on the resistance of group B
vitamins to y-irradiation. Nukl. 1977. 22: 1011-1019.

Kishore, K.; Moorty, P. N.; Rao, K. N. Role of H,0, in the radiolysis
of B-group vitamins in neutral aqueous solutions. Part I. reactions
with vitamin radicals produced by OH radical reaction. Radiat. Eff.
Lett. 1982. 67: 153-159.

Fuga. L.; Kragl, M.; Getoft, N. Vitamin B, (Riboflavin) and a Mixture
of Vitamin B, and C Affects MMC Efficiency in Aerated Media un-
der Irradiation. Anticancer Res. 2004. 24: 4031-4034.

Chijate, C.; Albarran, G.; Negron-Mendoza A. Radiolysis of aqueous
solutions of thiamine. Radiat. Phys. Chem. 1998. 52: 401-404.
Juanchi, X.; Albarran, G.; Negron-Mendoza A. Radiolysis of cyano-
cobalamin (vitamin B ,) Radiat. Phys. Chem. 2000. 57: 337-339.

Article citation:

15.

16.

17.

18.

19.

20.

21.

22.

23.

Albarran, G.; Ramirez-Cahero, E; Aliev, R. Radiolysis of pyridoxine
(vitamin B6) in aqueous solution under different conditions. Radiat.
Phys. Chem. 2008. 77: 605-611.

Tobback, P. P, Radiation Chemistry of Vitamins. In: Radiation
Chemistry of Major Food Components: Its Relevance to the As-
sessment of the Wholesomeness of Irradiated Foods. In: Elias, P. S.;
Cohen, A.]J. Eds., Elsevier Scientific, Amsterdam, pp.187-220. 1977.
Kishore, K.; Moorty, P. N.; Rao, K. N. Radiation protection of vita-
mins in aqueous systems, part III. Efects of different variables. Ra-
diat. Eff. 1978. 38: 97-105.

Kishore, K.; Moorty, P. N.; Rao, K. N. Radiation induced reactions
in aqueous solutions of thiamine (vitamin B1). Radiat. Phys. Chem.
1980. 15: 669-676.

McLaughlin, W;; Boyd, A. Dosimetry for Radiation Processing.
London, UK. Tailor & Francis. pp. 144-146. 1989.

Forrester, A. R.; Davidson, I. G. Identification of radicals produced
by gamma-irradiation of vitamins. Radiat. Phys. Chem. 1990. 36:
403-407.

Tabata, Y,; Ito, Y.; Tagawa, S. Handbook of Radiation Chemistry,
Boca Raton: CRC Press. 820-830. 1991.

Ensminger, A. M.; Ensminger, M. E.; Konlande, ]. E.; Robson, J. R.
K. Food and Nutrition Encyclopedia, Boca Raton Fl. CRC Press.
1927.1994.

Budavary, S. Merck Index. Ed. 11* Edition, Merck & Co., Inc. Rah-
way, N.J. pp. 1304-1305. 1989.

Albarran, G.; Mendoza, E; Beltran, J. M. Influence of concentration on the radiolytic decomposition of thiamine, riboflavin, and pyridoxine in

aqueous solution. Rev Colomb Quim. 2014. 43(3): 35-40.


http://academic.research.microsoft.com/Journal/8606/radiat-phys-chem-radiation-physics-and-chemistry

