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Kinetics of Hydrolysis of Fructooligosaccharides in
Mineral-Buffered Aqueous Solutions: Influence of pH and
Temperature
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High-performance anion exchange chromatography coupled with a pulsed amperometric detection
system (HPAEC—PAD) was used to evaluate the extent of chemical hydrolysis of three fructooli-
gosaccharides (FOS) including 1-kestose (5-D-Fru-(2—1),-a-D-glucopyranoside, GF2), nystose (5-
D-Fru-(2—1);-a-D-glucopyranoside, GF3), and fructofuranosylnystose (3-D-Fru-(2—1)s-a-D-gluco-
pyranoside, GF4). A kinetic study was carried out at 80, 90, 100, 110, and 120 °C in aqueous solutions
buffered at pH values of 4.0, 7.0, and 9.0. Under each experimental condition, the determination of
the respective amounts of reactants and hydrolysis products showed that FOS hydrolysis obeyed
pseudo-first-order kinetics as the extent of hydrolysis, which decreased at increasing pH values,
increased with temperature. The three oligomers were found to be degraded mainly under acidic
conditions, and at the highest temperature value (120 °C), a quick and complete acid degradation of
each FOS was observed. Using the Arrhenius equation, rate constants, half-life values, and activation
energies were calculated and compared with those obtained from sucrose under the same
experimental conditions. It appeared that the hydrolysis of FOS took place much more easily at acidic
pH than at neutral or basic pH values.

KEYWORDS: Fructooligosaccharides; high-performance anion exchange chromatography; pulsed
amperometric detection; hydrolysis; pH; temperature; kinetics

INTRODUCTION growth of bifidobacteria in the colon, which are considered to
be beneficial to human health (6—8). Their increasing interest
as a prebiotic, components able to stimulate specifically in
humans and other mammals the growth and/or the activity of a
restricted number of commensal bacterial species, is also
strengthened by both their low glycemic and lipogenic effects
(9—-12).

FOS are considered as alternative sweeteners which are

Fructooligosaccharide (FOS) is the common name for fructose
oligomers of which the three major representatives are usually
known as 1-kestosef{D-Fru-(2—1)-a-D-glucopyranoside,
GF2), nystose (fD-Fru-(2—1)s-a-D-glucopyranoside, GF3),
and fructofuranosylnystose (3-D-Fru-(2—24)-D-glucopyra-
noside, GF4). In all of them, fructosyl units (F) are bound to

the § (21) pf’s'“on ,Of §ucrose (GF) (D). . increasingly consumed on account of their nutraceutical value
_ They are widely distributed throughout the plant kingdom, = 5 heajth and reduced caloric content food. The above-mentioned
in fruits including banana and plum, as well as in vegetables Gg2 and GF3 products as well as othemGfits of nutritional
including onion, shallot, chicory, and artichok& 8). FOS can  jnterest are used as food ingredier8)(in a variety of foods,

also be produced on a commercu'?ll .scale from sucrose using &hamely in bakery (chocolate, biscuits, pastries) and dairy
fungal enzyme from eithekureobasidium sg4, 5) or Aspergil- products, and are commercially available as analytical standards
lus niger (6). In addition to the fact that the way they are (Wako Pure Chemical Industries, Osaka, Japan).
enzymaticaly produced is accurate and that their sweet taste is In a previous papend), we were able to show the suitability

qui;e comparable to thatlof sucrose, thg traditional sweetener, ¢ high-performance chromatography using a CarboPac PA 100
their low caloric content _'S worth stressing. ) ) _anion-exchange column and the new quadruple-potential wave-
FOS are not absorbed in the human small intestine but readilyform to separate and quantify in a single run the following
fermented by the colonic flora. They promote selectively the fryctans inulobiose (F2), 1-kestose (GF2), and nystose (GF3)
present in a food matrix such as fresh fruit and stewed fruit
*To whom correspondence should be addressed: Phone: (33) Obtained from a local manufacturer. Furthermore, a kinetic study

49}g%ggﬁgg&gg%&?16-133f4M4gé§1'_f;‘rﬁtsag:fﬁéﬂggisfgt@glrl‘n&/gg"}[:_-rfé- was already performed to determine the dependence of the acid-
: vatl , | I | ulaire, . . .
UMR 6009 Université Aix-Marseille Il-CNRS, Faculté des Sciences et NYdrolytic rate-constants on the degree of oligosaccharides

Techniques de Saint«fene, 13397 Marseille Cedex 20, France. polymerization in juices of the Jerusalem artichok&)( The
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Figure 1. Kinetics of hydrolysis of a number of oligosaccharides at pH 4.0: sucrose (a), 1-kestose (b), nystose (c), and fructofuranosylnystose (d) at 80
°C (@), 90 °C (m), 100 °C (a), 110 °C (x), and 120 °C (¥).

Table 1. Buffered Aqueous Solutions Used to Carry out FOS

Hydrolysis

Analysis of Hydrolysis Products by HPAEC-PAD. This was
achieved with a Dionex system DX500 (Sunnyvale, CA) consisting of
a GP 50 gradient pump with on-line degassing and an ED40

pH adjusted to 100 mL of final volume with water electrochemical detector, operating in the PAD mode as previously
40 30.7 mL of 0.2 M citric acid + 19.3 mL of 0.2 M Na;HPO4 described (14). Quantitative determination of the reaction products
7.0 21 mL of 0.2 M NaHPO, + 29 mL of 0.2 M Na,HPO, (glucose, fructose, sucrose, 1-kestose, and nystose) was carried out using
9.0 50 mL of 0.025 M NayB4O7+H,0 + 4.6 mL of 0.1 M HCI a CarboPac PA100 (Dionex) analytical anion-exchange column (250

x 4 mm) equipped with a guard column CarboPac PA100 x50
mm). The elution was performed at a constant flow rate of 1 mL/min
aim of the present study was to determine the influence of pH and at room temperature, using a 20-min linear gradient from 0% to
and temperature on the rate of sucrose and FOS hydrolysis, ag0% of a 80 mM NaOH 500 mM sodium acetate in 80 mM NaGt$

well as to put forward the mechanism whereby this reaction mM sodium acetate_. Both eluent_s were p_re_par_ed with ultrapure water
takes place in order to evaluate the consequences of heatininOI degassed by nitrogen bubbling. The injection volume wad 20

food products on their FOS content nd each analysis was done in triplicate.

RESULTS AND DISCUSSION
Chemicals. Standard sucrose-glucose, andp-fructose were Effect of pH on Sucrose and FOS HydrolysisThe influence

purchased from Sigma (St Quentin Fallavier, France), while the standardOf both pH and temperature on the chemical hydrolysis of
fructooligosaccharide set containing GF2, GF3, and GF4 was from 1-kestose (GF2), nystose (GF3), and fructofuranosylnystose
Wako (Neuss, Germany) with 99%, 99%, and 98% purity, respectively. (GF4) in buffered and sterile agueous solutions was studied at
Sodium tetraborate decahydrate (borax, ACS grade), sodium acetatdfive temperatures ranging from 80 to 12G and at three pH

(no. 1.06268), and citric acid monohydrate (no. 1.00244) were values (4.0, 7.0, 9.0). The decrease in GF, GF2, GF3, and GF4
purchased from Merck (Nogent-sur Marne, France). Sodium hydroxide concentrations at pH 4.0 is shownkigure 1 a—d, respectively.

of 46—48% (w/w) aqueous solution (S/4930) was from Fisher Scientific The In(C/G) versus time plot of sucrose and the three FOS
(Elancourt, France). Ultrapure 1@ cm deionized water used in the  tested gave straight lines at each temperature value, indicating

experiments, including that used as HPAERAD solvent, was  inai hydrolysis followed first- or peudo-first-order kinetics
obtained from a Maxima ultrapure water system (Elga, Decines, France). (16, 17):

Sodium dihydrogenophosphate dihydrate and hydrochloric acid (mini-
mum 36%) were obtained from Prolabo (Fontenay Sous-bois, France).
FOS and Sucrose Degradation in Aqueous Solution#\queous-
buffered solutions (5@&M) of pure sucrose (GF), 1-kestose (GF2),
nystose (GF3), and fructofuranosylnystose (GF4) at pH 4.0, 7.0, and wheret is the incubation time in minute€, is the concentration
9.0 were prepared as indicated Table 1 using ultrapure deionized of sucrose or FOS in mdl! at timet, Cp is the initial
water. Each oligosaccharide solution (1 mL) at a given pH value was concentration in mol-t%, and Kypeg in min,‘l is the observed

incubated in a thermostated paraffin bath under five different temper- ¢ tant of th tion. Simil It btained wh
ature conditions, namely 88 2, 90+ 2, 100+ 2, 110+ 2, and 120 rate constant or tné reaction. similar results were obtained when

+ 2°C. After aliquots were sampled at appropriate time intervals and SUcrose and FOS were incubated at pH 7.0 (data not shown).
hydrolysis was stopped by cooling in an ice bath, they were successively Table 2 shows the hydrolysis rate constak§td and half-
passed through a 0z2m cutoff microfilter, 2-fold diluted with water, life (t2 = In 0.5/kpsg values obtained for sucrose, 1-kestose,
and analyzed by HPAEC—PAD. nystose, and fructofuranosylnystose at pH 4.0 and increasing

MATERIALS AND METHODS

C = Co exp(—Kpsd) 1)



226 J. Agric. Food Chem., Vol. 51, No. 1, 2003 L’homme et al.

Table 2. Hydrolysis Rate Constant (Kosg) and Half-Lives (ty,) at pH 4.0 and pH 7.0 and Different Temperatures

GF GF2 GF3 GF4
pH T (OC) Kobsd (minil) ti (min) Kobsd (minil) |57 (min) Kobsd (minil) tir (min) Kobsd (minil) ti (min)
4.0 80 3x107* 2310 37x1074 187 32x107* 217 17x107* 408
90 8x1074 866 56 x 1074 124 54 x 1074 128 42 %1074 165
100 20x 1074 346 177 x 1074 39 122 x 1074 57 119x 1074 58
110 40x 1074 173 254 x 1074 27 187 x 1074 37 178 x 1074 39
120 67 x 1074 103 580 x 1074 12 472 x 1074 15 315x 107 22
7.0 80 6x 106 115524 4x10°° 17329 7x10°° 9902 11 x107° 6178
90 29x 1076 23656 7x107°5 9902 12 x 1075 5579 15 % 107° 4593
100 37x1076 18683 22 %1075 3068 24 %1075 2944 27x107° 2538
110 200 x 1076 3465 30x 1075 2309 31x10°° 2221 60 x 1075 1137
120 656 x 1076 1056 50x10°° 1374 62 x 107° 1119 74 x107° 939

(a) )

o ST

-114 A1

In(K,)

In(K,n5)

-13

0,0025 0,0028 0,0027 0,0028 0,0029 0,0025 0,0026 0,0027 0,0028 0.0029
"

T

e—— e

3 3

-7 -7 4 a

-~ < -\.\.
E.g r\.\.\.\‘ E.9~

@

13 , , -13 : , ; ;
0.0025 0.0026 0.0027 0.0028 0.0029 0.0025 0.0026 0.0027 0.0028 0.0028
i i

Figure 2. Arrhenius plots of FOS hydrolysis at pH 4.0 (a) and pH 7.0 (H): sucrose (a), 1-kestose (b), nystose (c), and fructofuranosylnystose (d).

temperatures from 80 to 12T. A 40-degree increase in the  Table 3. Arrhenius Equation, Coefficient of Determination (12),
incubation temperature at pH 4.0 resulted in comparable Activation Energy (E), and Frequency Factor (A) at pH 4.0 and pH
increases in the observed hydrolysis rate constants of sucros€g.0

and FOS (22-fold and 15- to 19-fold, respectively), although

= 2 . - in—
the stability of the former was higher than that of the lattes; ( pH__compd Ink=f(Um r* Ga(dmol™) AminT)
103 min and 12—22 min, respectively). At the highest temper- 40  GF  -10887(1/T) +22834 09912 90.5 82 x 102
ature (120°C), the three FOS were rapidly degraded although gg :gzggg/r% :gé'igg 8'35& gg'g gé : 187
the- hlgher the number Of_ fructose UnitS, the hlgher the Stabl'lty GF4 ~10146(1/T) + 22:480 0:9795 84:6 58 x 108
as indicated by the half-life values of 1-kestose (GF2), nystose 7.0 GF -15657(1/T) +32.335  0.9640 1302 11 %108
(GF3), and fructofuranosylnystose (GF4), which were found to gFg —9ggoglﬁ ; + 15-533 88352;; ggg 55 x 1gi
; i 0 F —7327(UT) +11.1 : : 7x1
be of 12, 15, and 22 min, respectively. At pH 7.0, the stability Cra ~6812UM) + 10121 0.9328 i 2% 10°

of sucrose as well as that of FOS were found to be greatly

enhanced whatever the incubation temperature. Sucrose seemed )

to be the stablest except at the highest temperature under whiciigure 2 shows the Arrhenius plots [lkonsa = f(1/T)] at pH

GF2 and GF3 were found to be the stablest. No degradation of4-0 and pH 7.0 from which thE, values were calculated. The

sucrose and FOS was observed after 24 h of incubation at pHfrequency factor &) represents the value dgpsq at infinite

9.0, in the 80—120C temperature range (data not shown).  temperature, which means that all the reactants have the required
Effect of Temperature on Sucrose and FOS Hydrolysis. activation energy for reacting or the probability to react.

The effect of temperature on the rate of sucrose and FOS Table 3gives the activation energi£{) and frequency factor

hydrolysis was determined using the Arrhenius law: (A) values of FOS hydrolysis at pH 4.0 and pH 7.0. The
values for GF2, GF3, and GF4 were found to be lower than
Kopsa= A exp[—E/(RT)] that of GF irrespective of pH. By contrast, these values are

higher at pH 4.0 than at pH 7.0 for FOS, while in the case of
Where A is a specific constant for the reactioR, is the sucrose it is the opposite. The high stability of FOS at pH 9.0
activation energy in-dnol~1, R is the universal gas constant and low stability at pH 4.0 is consistent with the involvement
(8.314 J-mot1-K~1), andT is the absolute temperature in K. of protons in the degradation process and thus with a catalytic
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Figure 4. Bond fragility of both protonated inulobiose (a1, b1) and sucrose
(c1, d1) versus the nonprotonated form (a—d, respectively). Variation of
the energy of formation (E) depends on the length of osidic bond C—O.

CONCLUSION

The experiments on fructooligosaccharide degradation in
aqueous media, which were carried out over a wide range of
temperatures at three different pH values, showed that the
hydrolysis reaction of 1-kestose (GF2), nystose (GF3), and
fructofuranosylnystose (GF4) followed pseudo-first-order kinet-
ics. Furthermore, it appeared that the hydrolysis of FOS took
Figure 3. Molecular models of inulobiose F1-F2 (A) and sucrose F-G place mainly at acidic pH rather than at neutral or basic pH
(B) osidic bonds tested, indicated as a-d, respectively. values. It is well-known that sucrose degrades faster at lower

pH and higher temperature22). Concentration has also a very
acid mechanism. Our results are in agreement with the averagdarge influence on the degradation of sucrose. Only one
activation energy (109 10 kJ/mol) obtained for five com-  concentration was studied here, which was very low, and the
mercially available mixes of oligofructose samples (Actilight ater activity would be extremely high. Often in foodstuffs,
950P, Raftilose P95, Fibrulose 97, Fibruline instant, and where fructooligosaccharides and sucrose are added as ingre-
Fibruline Long Chain) incubated in an acidic medib8), dients, the water activity is very low. So, concentration and water
Nevertheless, this StUdy was undertaken with mixtures while activity could also have an effect on the degradation of
our work have been realized with pure products. Furthermore, fructooligosaccharides. This study has now to be undertaken.
they analyzed the fructose formation, since we followed directly Our degradation study was performed in buffer solutions. It is
the disparition of the oligosaccharides. well-known that salts, including sodium, catalyze the degrada-

The higher stability observed under neutral or basic condition, tion of sucrose Z3). In this work, different buffer/salts were
and consequently lower stability at acid pH, could therefore be added to create the three different pHs. When sucrose is left to
associated with a protonic activation of the leaving group. To degrade at a particular pH and the pH of the reaction is
try to put forward the fragility of the €0 osidic bond when monitored, there is always a decrease in pH observed because
oxygen is protonated, an elongation of the bond was simulatedof the production of organic acid degradation products. Using
up to the breaking value, using the quantum semi-empirical buffers would have masked this effect. A study of buffered pH
mechanical molecular model technique AM19( 20) and and non-buffered pH effects is warranted for the future. Finally,
according to the method of the reactional path. The solid a precise study of the products that were formed throughout
geometry of the most stable configuration of sucrose and the degradation process is now essential to find out the
inulobiose was progressively modified by imposing variable mechanism whereby the reaction occurs.
lengths to the two €O osidic bonds surrounding the glycosidic
oxygen atom, and each time the molecular geometry was ACKNOWLEDGMENT
adjusted to lose the minimal energy value. As showhigure
3, the selected bonds in inulobiose are indicated as a and b andVe are grateful to the Conseil Régional PACA and the Sécie
those in sucrose as ¢ and d in each non-protonated form, whilede Conserverie Alimentaire Charles FARAUD in Monteux,
they were indicated as al, b1, c1, and d1 in the correspondingFrance, for a fellowship (C.L. recipient) and financial support.
protonated forms in which a proton is linked to the glycosidic Our thanks are also to C. Villard for technical assistance
oxygen atomFigure 4 clearly shows that the fragility of the  (HPAEC—PAD system).
two bonds involved in the glycosidic linkage in both protonated
inulobiose and sucrose was significantly higher than those in
the non-protonated forms. Thus, the two protonated oligosac-
charides are more rapidly hydrolyzed at acid pH than at neutral (1) |ewis, D. Nomenclature and diagrammatic representation of
or basic pH values. This kind of analysis is in conformity with oligomeric fructans-a paper for discussidsiew Phytol.1993,
the principle of “non crossing rule” (21). 124, 583—594.
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