
Food Chemistry 133 (2012) 1632–1635
Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier .com/locate / foodchem
Short communication

On-line monitoring of stevioside sweetener hydrolysis to steviol in acidic
aqueous solutions

Rodrigo R. Catharino a, Leonardo S. Santos b,⇑
a Pharmacy, Department of Clinical Pathology, School of Medical Sciences, State University of Campinas, Campinas, Sao Paulo 13083-887, Brazil
b Laboratory of Asymmetric Synthesis, Chemistry Institute of Natural Resources, Talca University, P.O. Box 747, Talca, Chile

a r t i c l e i n f o a b s t r a c t
Article history:
Received 18 August 2010
Received in revised form 20 January 2011
Accepted 29 March 2011
Available online 2 April 2011

Keywords:
Stevioside
Steviol
Hydrolysis
On-line monitoring
0308-8146 � 2011 Elsevier Ltd.
doi:10.1016/j.foodchem.2011.03.110

⇑ Corresponding author. Fax: +56 71 200 448.
E-mail address: lssantos@utalca.cl (L.S. Santos).

Open access under the Els
Stevioside, a potent sweetener obtained from leaves of Stevia rebaudiana (Bertoni), is the glycone of stev-
iol. However, despite its natural origin, there has been concern about stevioside toxicity due to hydrolysis
to the carcinogenic steviol. To approve it as an additive, the FAO/WHO committee on food additives has
required further information about hydrolytic stability of the steviol glycoside in acidic foods and bever-
ages. In this study, aqueous solutions of stevioside at different pH values were monitored in real time by
direct infusion ESI-MS. Owing to the high speed and sensitivity of ESI-MS monitoring, fast hydrolysis of
the stevioside molecule to steviol in aqueous acidic solutions was observed, particularly in acidic juices.

� 2011 Elsevier Ltd. Open access under the Elsevier OA license.
1. Introduction

The stevioside is a natural sweetener extracted from the leaves
of Stevia rebaudiana (Bertoni). It is commercialised as Stevia and its
attractive features is the natural origin, as compared to other major
artificial sweeteners (aspartame and cyclamate for instance) as
well as its high sweetening potency, which is 250–300 times great-
er than that of sucrose (Kinghorn, Wu, & Soejarto, 2001). The stevi-
oside molecule 1 (Fig. 1) is comprised of a glycone (sugars) attached
to the steviol moiety. The class of Stevia-related sweeteners has
been indicated to benefit the glucose metabolism (Jeppesen,
Gregersen, Alstrup, & Hermansen, 2002) and renal function (Hsieh
et al., 2003). Despite its natural origin and possible benefits, there
have been serious concerns about its safety; hence, the toxicity,
carcinogenicity and genotoxicity of stevioside have been investi-
gated. These studies have been conducted mainly in Japan, where
Stevia is approved as a food additive (Aze et al., 1991; Matsui,
Sofuni, & Nohmi, 1996; Matsui et al., 1996; Pezzuto, Compadre,
Swanson, Nanayakkara, & Kinghorn, 1985; Toskulkao, Chaturat,
Temcharoen, & Glinsukon, 1997; Xili et al., 1992). The results have
often suggested that stevioside has no serious toxicity to mam-
mals. Recently, however, an in vitro study of the metabolism of sev-
eral glycosidic sweeteners showed that Stevia-related compounds
are degraded to steviol 2 (Fig. 1) by human faecal homogenates,
and no apparent inter-species differences in the intestinal metab-
olism between rats and humans of Stevia-related compounds were
evier OA license.
observed (Koyama et al., 2003). Since steviol is highly lipophilic, it
has been postulated that it will be absorbed into the systemic cir-
culation (Wingard et al., 1980). Steviol has also been known to be
mutagenic after metabolic activation in the mutation assay using S.
typhi TM677 (Pezzuto et al., 1985), and a possible decrease of the
fertility of male rats was also suggested (Melis, 1999). This appar-
ent toxicity led Australia and Canada, for instance, to approve Ste-
via only as a food supplement, but not as a food additive. These
studies provide therefore conflicting conclusions and insufficient
toxicological information about the safety of steviol. Therefore,
the concerns about the safety use of the natural stevioside sweet-
ener still remain (WHO, 1999). Lack of critical scientific reports on
stevioside and their discrepancies about the toxicological effects of
its aglycone steviol led the European Commission in 2000 to refuse
to accept Stevia as a food or drug additive (FAO/WHO, 2004).

Normally, stevioside and steviol have been analysed by HPLC
with ultraviolet detectors (Hutapea, Toskulkao, Wilairat, &
Buddhasukh, 1999; Koyama et al., 2003). Herein we applied di-
rect infusion ESI(+)-MS for the on-line monitoring of stevioside
hydrolysis. ESI(+)-MS has been used as an interesting ‘‘ion-
fishing’’ technique, since it is able to gently transfer with high
speed and sensitivity either positive or negative ions (even tran-
sient species) directly from solutions to the gas phase (de la
Mora et al., 2000). Due to these outstanding features, ESI-MS
(and its tandem version ESI-MS/MS) is rapidly becoming a major
tool in chemistry and biochemistry for the fast screening of reac-
tion intermediates in solution (Santos, 2008, 2010; Santos,
Knaack, & Metzger, 2005) with clear structural characterisation
(Wu, Rodgers, & Marshall, 2004).
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1, Stevioside, R1 =  β-Glc; R2 = β-Glc-β-Glc (2-1)
2, Steviol, R1= R2= H

Fig. 1. Structures of stevioside (1) and the hydrolysed derivative steviol (2).
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2. Experimental section

2.1. Sample preparation

The Stevia sweetener (Steviafarma) samples (500 ll) were di-
luted in a flask with a 1:1 solution of H2O:MeOH (Merck, Darms-
tadt, Germany) to a final volume of 1.0 ml. The screening of
degradation of Stevia in different pH was performed by acidificat-
ion of solutions containing Stevia adjusted with HCl (Merck,
Darmstadt, Germany) aqueous solutions. pH values were moni-
tored by commercial (Merck, Darmstadt, Germany) indicator
strips. Orange, passion fruit, lemon juices, and coffee were
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Fig. 2. Proposed sequence for stevioside hydrolysis in acidic media according to
ESI-MS(/MS) on-line monitoring.
analysed by direct injection of the samples after addition of the
sweetener.
2.2. ESI-MS monitoring

The samples were directly infused at a flow rate of 5.0 ll min�1

using a syringe pump. ESI-MS and ESI-MS/MS in the positive ion
mode were acquired using a Waters Q-TOF Micro instrument with
5000 mass resolution in the TOF mass analyser. Typical operating
conditions were 3.5 kV capillary voltage, 35 V cone voltage, and
desolvation gas temperature of 100 �C. ESI-MS/MS were collected
by causing collision-induced dissociation (CID) of the mass-se-
lected protonated molecules using argon as the buffer gas and col-
lision energies from 18 to 25 eV. Ion-selection was performed by
Q1, and collisions were performed in the rf-only hexapole collision
cell, followed by mass analysis of product-ions by the high-resolu-
tion orthogonal-reflectron TOF analyser. ESI-MS were acquired
over a m/z range of 50–1200. HPLC methanol grade and HCl were
purchased from Merck (Darmstadt, Germany) and used without
further treatment.
3. Results and discussion

3.1. Hydrolysis monitoring

As an initial test, the ESI-MS screening of solutions containing
the strevioside 1 was carried out by adjusting the cone and ion-
source voltages. This preliminary tuning was necessary to mini-
mise or likely eliminate possible in-source CID of protonated 1 to
the aglycone species 2–4 (Fig. 2). Fig. 3a shows the ESI(+)-MS of
stevioside H2O:MeOH (1:1 v/v) solutions at its natural pH 4. Note
that 1 is detected mainly by its potassium adduct [1 + K] of m/z
843. Then, to test the source lability of gaseous [1 + K] the voltages
of the ion-source (between 3000 and 4000 V) as well as the cone
(15–80 eV) were varied. However, [1 + K] fail to dissociate at any
significant extent (Fig. 3a). Next, seven different aliquots of
Fig. 3. ESI(+)-MS of Stevioside after 30 s in different acidic medium: (a) pH 4, (b) pH
3, (c) pH 2, and (d) pH 1.



Fig. 4. ESI(+)-MS/MS of protonated steviol [4 + H]+: (a) aqueous solution; (b) orange juice.
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aqueous solutions of Stevia at different pHs (adjusted by the addi-
tion of HCl) were analysed by ESI(+)-MS after dilution in
water:methanol (1:1). The stevioside 1 and its aglycones 2–4
should be detected by ESI(+)-MS either as its protonated [M + H]
or cationized forms [M + Na] or [M + K] (Fig. 2). Fig. 3a–d shows
therefore the ESI(+)-MS of stevioside solutions at different pH after
30 s of sweetener addition. As already discussed, [1 + K] of m/z 843
is the main species detected at pH 4 (Fig. 3a). At pH 3 up to 1, both
[1 + H] of m/z 805 and [M + K] of m/z 843 are detected with
decreasing abundances, whereas the protonated forms of hydroly-
sis products: [2 + H] of m/z 643, [3 + H] of m/z 481 and [4 + H] of m/
z 319 are detected with increasing abundances (Fig. 3b–d).

To assure that the ion of m/z 319 is in fact protonated steviol
[4 + H], a solution of steviol was prepared from a commercial stan-
dard and its ESI(+)-MS/MS acquired (Fig. 4), showing the same dis-
sociation pattern as that sampled from the hydrolysis experiment
(not shown). Furthermore, HPLC-UV-ESI(+)-MS analysis were
performed by using a gradient solvent system consisting of
Fig. 5. ESI(+)-MS monitoring of beverages sweeten with Stevia: (a) coffee, (b)
orange, (c) lemon, (d) passion fruit.
acetonitrile and 10 mM ammonium acetate at a flow rate of
0.8 ml/min. The percentage of acetonitrile was increased from
30% to 85% over 40 min. After 40 min, the column was re-equili-
brated with the initial mobile phase for 10 min. ESI-MS full scan
spectra were obtained from stevioside incubated with HCl for
30 s, showing the ions at m/z 805 (Rt = 8.5 min), m/z 643
(Rt = 11.9 min), m/z 481 (Rt = 15.4 min) and m/z 319 (Rt = 20.1 min)
that were identified on the ion chromatograms throughout pH 1.
The Rt and fragmentation patterns observed in the positive ESI
ion mode for these ions were in accordance with the standards
of stevioside, 2, 3, and steviol 4.

Next, the stability of 1 in beverages that are commonly sweet-
ened with stevioside 1 were also evaluated (coffee as well as or-
ange, lemon and passion fruit juices). For that, 500 ll of an 12%
m/V aqueous solution of 1 were added to 10 ml of the beverage
and the ESI(+)-MS acquired after 30 s of mixing. For coffee (pH
around 5–6), no ions related to stevioside hydrolysis to steviol
was observed by adding the sweetener to hot coffee (Fig. 5a). How-
ever, for orange juice (pH around 2.5), hydrolysis to 4 was clearly
indicated by the detection of [4 + H] of m/z 319, and by its
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Fig. 6. Hydrolysis of 1–2 via 3 and 4 in water as a function of pH using data from the
ESI(+)-MS monitoring.
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ESI(+)-MS/MS, which was identical to that of standard 4 (Fig. 4).
Similar behaviour was observed for lemon (pH 2.0, Fig. 5c) and pas-
sion fruit (pH 2.0, Fig. 5d) juices. Hydrolysis of 1–2 via 3 and 4 in
water was therefore plotted as a function of pH using data from
the ESI(+)-MS monitoring (Fig. 6). Similar plots were obtained from
the acidic beverages.

4. Conclusion

Direct infusion ESI(+)-MS, due to its high speed and sensitivity
and direct on-line monitoring ability, has confirmed acid hydroly-
sis of stevioside 1 to steviol 4 in aqueous solutions as well as in
acidic beverages such as coffee and fruit juices. The ESI(+)-MS data
indicates that 1 hydrolyses fast and quite extensively to 4 via inter-
mediates 2 and 3, and that this reaction is very fast (4 is detected in
less than 30 s) particularly under low pH. Concerns about the
safety of Stevia-related sweeteners should now reside on deter-
mining whether or not steviol is a safe molecule for humans in
the highly acidic stomach, and the safety amounts for daily
consumption.

Acknowledgement

Financial support by the Research Foundation of the State of São
Paulo (FAPESP) and the National Council for Scientific and Techno-
logical Development (CNPq) is greatly acknowledged (R.R.C.). L.S.S.
also thanks Fondecyt (1085308) for support of research activity.

References

Aze, Y., Toyoda, K., Imaida, K., Hayashi, S., Imazawa, T., Hayashi, Y., et al. (1991).
Subchronic oral toxicity study of stevioside in F344 rats. Eisei Shikenjo Hokoku,
109, 48–54.

de la Mora, J. F., Van Berkel, G. J., Enke, C. G., Cole, R. B., Martinez-Sanchez, M., &
Fenn, J. B. (2000). Electrochemical processes in electrospray ionization mass
spectrometry – Discussion. Journal of Mass Spectrometry, 35, 939–952.

FAO/WHO: Food and Agriculture Organization of the United Nations and World
Health Organization (2004). Toxicological recommendations and information on
specifications. In: Sixty-third report of the Joint FAO/WHO Expert Committee on
Food Additives (pp. 1–2).

Hsieh, M. H., Chan, P., Sue, Y. M., Liu, J. C., Liang, T. H., Huang, T. Y., et al. (2003).
Efficacy and tolerability of oral stevioside in patients with mild essential
hypertension: A two-year, randomized, placebo-controlled study. Clinical
Therapeutics, 25, 2797–2808.

Hutapea, A. M., Toskulkao, C., Wilairat, P., & Buddhasukh, D. (1999). High-
performance liquid chromatographic separation and quantitation of stevioside
and its metabolites. Journal of Liquid Chromatography & Related Technologies, 22,
1161–1170.

Jeppesen, P. B., Gregersen, S., Alstrup, K. K., & Hermansen, K. (2002). Stevioside
induces antihyperglycaemic, insulinotropic and glucagonostatic effects in vivo:
studies in the diabetic Goto-Kakizaki (GK) rats. Phytomedicine, 9, 9–14.

Kinghorn, A. D., Wu, C. D., & Soejarto, D. D. (2001). In O. B. Nabors (Ed.), Stevioside in
Alternative Sweeteners, 3rd ed.. Dekker: New York.

Koyama, E., Sakai, N., Ohori, Y., Kitazawa, K., Izawa, O., Kakegawa, K., et al. (2003).
Absorption and metabolism of glycosidic sweeteners of stevia mixture and their
aglycone, steviol, in rats and humans. Food and Chemical Toxicology, 41,
875–883.

Matsui, M., Matsui, K., Kawasaki, Y., Oda, Y., Noguchi, T., Kitagawa, Y., et al. (1996a).
Evaluation of the genotoxicity of stevioside and steviol using six in vitro and
one in vivo mutagenicity assays. Mutagenesis, 11, 573–579.

Matsui, M., Sofuni, T., & Nohmi, T. (1996b). Regionally-targeted mutagenesis by
metabolically-activated steviol: DNA sequence analysis of steviol-induced
mutants of guanine phosphoribosyltransferase (gpt) gene of Salmonella
typhimurium TM677. Mutagenesis, 11, 565–572.

Melis, M. S. (1999). Effects of chronic administration of Stevia rebaudiana on fertility
in rats. Journal of Ethnopharmacology, 67, 157–161.

Pezzuto, J. M., Compadre, C. M., Swanson, S. M., Nanayakkara, N. P. D., & Kinghorn, A.
D. (1985). Metabolically activated steviol, the aglycone of stevioside, is
mutagenic. Proceedings of the National Academy of Sciences of the United States
of America, 82, 2478–2482.

Santos, L. S. (2008). Online mechanistic investigations of catalyzed reactions by
electrospray ionization mass spectrometry: A tool to intercept transient species
in solution. European Journal of Organic Chemistry, 235, 253.

Santos, L. S. (Ed.). (2010). Reactive intermediates: MS investigations in solution.
Weinheim: Wiley-VCH.

Santos, L. S., Knaack, L., & Metzger, J. O. (2005). Investigation of chemical reactions
in solution using API-MS. International Journal of Mass Spectrometry, 246,
84–104.

Toskulkao, C., Chaturat, L., Temcharoen, P., & Glinsukon, T. (1997). Acute toxicity of
stevioside, a natural sweetener, and its metabolite, steviol, in several animal
species. Drug and Chemical Toxicology, 20, 31–44.

WHO World Health Organization (1999). Safety evaluation of certain food additives
‘‘Stevioside’’; Food Additives Series 42; WHO: Ghent. (pp. 119–143).

Wingard, R. E., Brown, J. P., Enderlin, F. E., Dale, J. A., Hale, R. L., & Seitz, C. T. (1980).
Intestinal degradation and absorption of the glycosidic sweeteners Stevioside
and Rebaudioside-A. Experientia, 36, 519–520.

Wu, Z. G., Rodgers, R. P., & Marshall, A. G. (2004). Characterization of vegetable oils:
Detailed compositional fingerprints derived from electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry. Journal of
Agricultural and Food Chemistry, 52, 5322–5328.

Xili, L., Chengjiany, B., Eryi, X., Reiming, S., Yuengming, W., Haodong, S., et al. (1992).
Chronic oral toxicity and carcinogenicity study of Stevioside in rats. Food and
Chemical Toxicology, 30, 957–965.


	On-line monitoring of stevioside sweetener hydrolysis to steviol in acidic  aqueous solutions
	1 Introduction
	2 Experimental section
	2.1 Sample preparation
	2.2 ESI-MS monitoring

	3 Results and discussion
	3.1 Hydrolysis monitoring

	4 Conclusion
	Acknowledgement
	References


