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ABSTRACT: An improved method for the measurement of fructans in wheat grains is presented. A mild acid treatment is used
for fructan hydrolysis, followed by analysis of the released glucose and fructose with high performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD). Not only the amount of fructose set free from fructans but
also the released glucose can be quantified accurately, allowing determination of the average degree of polymerization of fructans
(DPav). Application of the mild acid treatment to different grain samples demonstrated that a correction should be made for the
presence of sucrose and raffinose, but not for stachyose or higher raffinose oligosaccharides. The fructan content and DPav of
spelt flour, wheat flour, and whole wheat flour were 0.6%, 1.2%, and 1.8% of the total weight and 4, 5, and 6, respectively.
Validation experiments demonstrate that the proposed quantification method is accurate and repeatable and that also the DPav
determination is precise.
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■ INTRODUCTION
There is a strong interest in the application of fructans in the
food industry due to their potential to improve physicochemical
properties of food products1 and because of their potential
health benefits.2 Fructans are dietary fibers3 and may have an
additional positive health effect by the selective stimulation of
beneficial gut bacteria. Indeed, fructans and, more specifically,
inulin-type fructans are generally accepted as prebiotics since
their fermentation induces specific changes in the composition
and/or activity of the gastrointestinal microbiota that confer
benefits upon host health.2 Similar to other natural
carbohydrates, fructans show intrinsic antioxidant properties
as well.4 Inulin-type fructans, like fructo-oligosaccharides
(FOS) and inulin, are linear oligo- and polymers of fructose
with at most one glucose unit per molecule and mostly or
exclusively β(2−1) linkages between the fructosyl units. Several
other fructan-types, e.g. graminans, have been described and are
classified based on the type of linkages between the fructose
units.5 Graminan-type fructans with both β(2−1) and β(2−6)
fructosyl linkages can be found in the vegetative tissues of
wheat.6 The fine structure of fructans in wheat grains, however,
is unknown. Only some smaller fructan oligosaccharides, like 6-
kestose and neokestose, were identified in wheat flour.7 The
presence of these oligosaccharides demonstrates that not only
β(2−1) but also β(2−6) fructosyl linkages occur in the fructans
of wheat flour, which is consistent with the results of
Montgomery and Smith.8 Hence, it is clear that the structure
of at least a part of the wheat grain fructans strongly differs
from that of inulin-type fructans. This different, more complex
structure may alter the effects on gastrointestinal health since
structurally different fructans can result in different prebiotic

effects.9,10 Furthermore, the high consumption of wheat based
food products makes wheat by far the most important fructan
source in our diet11 and stresses the possible nutritional
importance of wheat grain fructans.
Several methods have been described to quantify fructans in

food products. Quantification of fructans in wheat flour,
however, is complicated because several mono-, di-, and
oligosaccharides and starch present in wheat grains can
interfere with the analysis. Moreover, fructans occur at
relatively low concentrations (0.7−2.9% on dry basis) in
wheat grains.12 Most of the currently used methods are based
on enzymatic hydrolysis of fructans into glucose and fructose
followed by detection of the released sugars by spectropho-
tometry13,14 or by high performance liquid chromatography.15

AOAC method 999.03 (Megazyme Fructan Assay Procedure,
Megazyme, Bray, Ireland) and a modified version of this
method (Megazyme Fructan HK Procedure) belong to the
former and have found widespread use. These two methods do
not provide information on the average degree of polymer-
ization (DPav) of fructans. The DPav is, however, an important
feature of fructans since it may influence their health-promoting
effects9,16 and physicochemical characteristics.17 In addition,
these two methods are laborious and may give unreliable results
when the fructan content is lower than 1% on a dry weight
basis.18
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Huynh et al.12 developed a quantification method to analyze
fructans in wheat grain samples. A mixture of exo- and
endoinulinase is used to hydrolyze fructans while amylogluco-
sidase and α-galactosidase are used to remove interference from
starch and raffinose oligosaccharides, respectively.12,14 This
method is generally an improved version of the high
performance anion exchange chromatography (HPAEC)
based methods of Quemener et al.15 and AOAC method
997.08. The main advantage of this method is that the
interference of raffinose oligosaccharides (like raffinose,
stachyose, and verbascose) can be taken into account. The
concentrations of glucose (Gf) and fructose (Ff) released from
fructans are measured separately and, based on the assumption
that every fructan molecule contains one glucose unit, the DPav
can be calculated. However, due to the high starch and low
fructan concentrations in wheat flour, it is difficult to determine
Gf in an accurate way with these methods.19 Stöber et al.19

circumvented the interference from glucose originating from
starch by calculating Gf based on Ff. Nevertheless, this
calculation requires an assumption on the DPav, which is
unknown in the case of wheat flour samples. In summary, the
currently used methods are insufficient to determine the DPav
accurately. The aim of this study was to develop a
quantification method that allows accurate determination of
fructose as well as glucose released from fructans during their
hydrolysis, even when high concentrations of starch or dextrins
are present. In this way, determination of the DPav of fructans
in wheat flour samples becomes possible.

■ MATERIALS AND METHODS
Materials. All chemicals and reagents were purchased from Sigma-

Aldrich (Bornem, Belgium) and were of analytical grade unless
specified otherwise. 1-Kestose, 1,1,1-kestopentaose, α-galactosidase
(E-AGLAN), and inulinase (E-FRMXPD) were from Megazyme
(Bray, Ireland). A fructan control powder (25.5% fructan in α-
cellulose) included in the Megazyme fructan assay kit was used as
reference material. Native wheat starch (Meritena 200) was kindly
provided by Tereos Syral (Aalst, Belgium). Flours used were a
commercial whole wheat flour and spelt flour from Vanden Bempt (St-
Joris Weert, Belgium) and a commercial wheat flour from Meneba
(Rotterdam, The Netherlands).
Extraction of Wheat Grain Fructans. Approximately 150 mg of

flour or fructan control was accurately weighed in a centrifuge tube,
and 500 μL of rhamnose solution (8.00 mg/mL) was added as internal
standard. Five different extraction conditions were tested in duplicate.
Extractions were performed in a shaking incubator (200 rpm): (1)
extraction with hot water (15 mL; 80 °C; 30 min), (2) extraction with
hot water (15 mL; 80 °C; 30 min) followed by centrifugation (9000g;
10 min) and extraction of the pellet with hot water (15 mL; 80 °C; 30
min), (3) extraction with hot water (15 mL; 80 °C; 60 min), (4)
extraction with ethanol (15 mL; 80% ethanol; 80 °C; 30 min) followed
by centrifugation (9000g; 10 min) and extraction of the pellet with hot
water (15 mL; 50 °C; 30 min), (5) extraction with ethanol (15 mL;
80% ethanol; 80 °C; 30 min), centrifugation (9000g; 10 min), and
extraction of the pellet with water (15 mL; 50 °C, 30 min). This
extract was centrifuged again and the resulting pellet extracted with hot
water (15 mL; 50 °C, 30 min). The additional extraction steps with
water in (4) and (5) were performed at lower temperature (50 °C
instead of 80 °C) in order to minimize coextraction of starch and other
glucose containing components. After extraction, samples were cooled
to room temperature. Total extract volume was determined by
weighing the tubes before and after the addition of the extraction
medium. Samples were centrifuged (9000g; 10 min) and supernatants
were combined if multiple extractions were performed. Only the
supernatant was used for analysis. Fructan content was determined

using mild acid hydrolysis and HPAEC sugar quantification as
described below.

Acid Hydrolysis of Fructans. Two aliquots (50 μL) of the extract
were transferred to 2 mL Eppendorf tubes. The first aliquot was
subjected to a mild acid treatment, carried out in 60 mM HCl (final
concentration) in a total volume of 52.5 μL at 70 °C for 90 min. The
reaction was stopped by adding 2 μL of Na2CO3 (1.0 M) followed by
dilution of the sample with deionized water to 1 mL. Similarly, the
nonhydrolyzed sample was diluted with water to 1 mL and both
samples were filtered (0.22 μm) and analyzed with high performance
anion exchange chromatography with pulsed amperometric detection
(HPAEC-PAD).

Comparison of Enzymatic and Acid Hydrolysis of Fructans.
Acid hydrolysis of grain fructans was compared with enzymatic
degradation. Wheat flour, whole wheat flour, and spelt flour were
extracted with ethanol (80%; 80 °C; 30 min) and centrifuged, and the
pellet was extracted with water (50 °C; 30 min), as described before
(extraction condition (4)). Because ethanol prevents proper enzyme
action, it was evaporated (40 °C; 40 rpm) with a rotary evaporator
(Buchi Labortechnik AG, Flawil, Switzerland) and the sample
dissolved in hot water (15 mL, 80 °C). Aliquots for acid and
enzymatic hydrolysis were taken from the same extract so that
extraction conditions were identical. The method of Huynh et al.12 was
applied for the enzymatic degradation. Briefly, amyloglucosidase and
α-galactosidase were added to a first aliquot in order to determine the
free glucose, fructose, and sucrose concentration plus the concen-
tration of glucose and fructose derived from extracted starch and
raffinose oligosaccharides. The same enzymes were added to a second
aliquot in combination with inulinase. Using HPAEC-PAD, the fructan
concentration was calculated by the difference in glucose and fructose
concentration in the two samples. Acid hydrolysis was performed as
described above.

Determination of Interference from Raffinose Oligosacchar-
ides and Other Carbohydrates. To determine the concentration of
fructose derived from raffinose oligosaccharides present in wheat flour,
aliquots of flour extracts (prepared as described in the previous
paragraph) were subjected to enzymatic hydrolysis as in the method of
Huynh et al.,12 except that α-galactosidase was not included.

In addition, the interference of sucrose, raffinose, stachyose,
verbascose, maltose, malto-oligosaccharides, β-glucan, and wheat
starch during fructan determination via acid hydrolysis was determined
by subjecting these compounds to mild acid hydrolysis followed by
HPAEC-PAD analysis of the hydrolysis products.

High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection. Carbohydrates were analyzed by
HPAEC-PAD performed on a Dionex ICS3000 chromatography
system (Sunnyvale, CA, USA). Samples (25 μL) were injected on a
CarboPac PA-100 guard column (50 × 4 mm) coupled to a CarboPac
PA-100 anion exchange column (250 mm ×4 mm). Isocratic elution
conditions (90 mM NaOH, 1 mL/min, 15 min) were used for the
analysis of rhamnose, glucose, fructose, sucrose, and melibiose.

Calculations of the Fructan Concentration and DPav.
Calculation of the fructan concentration after acid hydrolysis is
based on that described by Huynh et al.12 An additional correction is
made for raffinose. To this end, the melibiose concentration in the
hydrolyzed sample is determined, since raffinose is split into fructose
and melibiose under mild acid conditions. The concentrations of
glucose and fructose released from fructan (Gf and Ff respectively) are
then calculated as follows:
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where 180.16 is the molecular weight of glucose or fructose, Ve is the
volume of the extract (mL), ms is the sample mass (mg), Ga and Gb are
the glucose concentrations (μM) in the nonhydrolyzed and the
hydrolyzed sample, respectively, Fa and Fb are the fructose
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concentrations (μM) in the nonhydrolyzed and the hydrolyzed
sample, respectively, Sa is the sucrose concentration (μM) in the
nonhydrolyzed sample, and Mb is the melibiose concentration (μM) in
the hydrolyzed sample. The fructan concentration and the DPav are
calculated with the following equations:12

= +k G Ffructan (%) ( )f f (3)
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Validation. After comparing extraction and hydrolyzing conditions,
optimal conditions were chosen and the resulting quantification
method was validated by conducting different recovery experiments.
Samples were extracted with hot water (80 °C, 60 min), centrifuged,
hydrolyzed by mild acid treatment, and analyzed with HPAEC-PAD as
described before. Fructan concentrations and DPav were calculated as
in the previous section.
First, the fructan control was analyzed in triplicate at five

concentrations (2.5, 6.5, 12, 20, and 26 mg/15 mL). Second, fructan
recovery was examined by fortification of wheat flour with the fructan
control at three different concentrations (1, 2, and 3% fructan of the
flour weight) in 10 replications and was calculated for each individual
sample with the following formula:

=
−m C m C

m C
recovery (%)

( ) ( )
( )

1 1 2 2
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where m1 and C1 are the mass and the measured fructan concentration
of the fortified sample, respectively, m2 and C2 are the mass and the
fructan concentration of the unfortified flour sample, and m3 and C3
are the mass and the fructan concentration (25.5%) of the added
fructan control. The relative standard deviation on the fructan
concentration in the wheat flour, analyzed in 10 replications, was used
as an indicator for the repeatability.
Finally, determination of the DPav was validated by the application

of the proposed method to fructan standards (1-kestose and 1,1,1-
kestopentaose) with known DP. These fructan standards were added
to starch at low concentrations (0.4−0.7% of total weight).
Concurrently, sucrose (0.4%) and raffinose (0.25%) were added to
the mixture in concentrations comparable to those found in wheat
flour.20,21

Statistical Analysis. Statistical evaluation of the results was
performed with SAS software 8.1 (SAS institute Inc., Cary, NC, USA)
using a two-way ANOVA model (P < 0.01). A Tukey correction for
multiple comparisons was applied. When analyses were performed in
duplicate, the range was used to estimate the standard deviation, as
described by Nelson.22

■ RESULTS AND DISCUSSION
Extraction of Wheat Grain Fructans. Hot water is

normally used for fructan extraction in order to inactivate
enzymes and because of the lower solubility of fructans in cold
water. Besides, also hot ethanol solutions are used to extract
fructans23,24 in order to minimize the coextraction of starch.
The use of different extraction conditions had no statistical

influence (P > 0.01) on the measured fructan concentrations in
flour samples (Figure 1). However, since the average fructan
concentrations of the flour samples always appeared to be
slightly higher after the 60 min water extraction than after 30
min water extraction, the 60 min water extraction (80 °C) was
preferred in further analyses to be on the safe side. For these
extraction conditions, fructan concentrations were higher in
whole wheat flour (1.76% of total weight) than in wheat flour
(1.17%) and spelt flour (0.69%). The higher fructan
concentrations in whole wheat flour is in line with the higher

fructan concentrations found in wheat bran than in wheat
flour.24,25 In contrast to the observations of Marques et al.,26

higher fructan concentrations were measured in wheat flour
than in spelt flour. However, Marques et al.26 measured FOS
concentrations instead of fructan concentrations and possibly
did not include the higher DP fructan fraction. In addition, only
one wheat variety and one spelt variety were analyzed as test
samples in the present study while fructan contents can differ
significantly between varieties.12

Haska et al.24 demonstrated that extraction with ethanol
(80%; 80 °C; 30 min) is insufficient for the extraction of
fructans with a high DP and that an additional water extraction
step is required. Our results indicate that, after this additional
water extraction step, a second water extraction step is not
necessary since the measured fructan concentrations were
comparable for extraction conditions (4) and (5).

Determination of Interference from Raffinose Oligo-
saccharides and Other Carbohydrates. Several carbohy-
drates present in wheat flour contain glucose and/or fructose
and may therefore interfere with fructan quantification after
acid hydrolysis. Wheat starch, maltose, malto-oligosaccharides,
and β-glucan did not release glucose or fructose during mild
acid treatment, while sucrose did (results not shown).
Accordingly, a correction for the last sugar should be made.
The concentration of sucrose, which is split into glucose and
fructose, can be measured in the nonhydrolyzed sample. A
recovery experiment also demonstrated that glucose and
fructose were not degraded under the conditions of the mild
acid treatment (results not shown).
Since raffinose oligosaccharides contain fructose, they can

interfere with the quantification of fructans. After mild acid
treatment of a wheat flour extract, only melibiose, the
hydrolysis product of raffinose, could be detected by
HPAEC-PAD. Manninotriose and verbascotetraose, the hydrol-
ysis products of stachyose and verbascose, respectively, were
absent (results not shown). To confirm these results
quantitatively and to exclude the presence of raffinose-
oligosaccharides with a DP higher than that of verbascose,
fructan concentrations of flour samples was determined in four
different ways. First, the fructan concentration was determined

Figure 1. Fructan content (g/100 g total sample) of flour samples
(panel A) and fructan control (25.5% fructan; panel B) determined at
different extraction conditions: (1) extraction with water (80 °C, 30
min), (2) extraction with water (80 °C, 30 min), centrifugation, and
extraction of the pellet with water (80 °C; 30 min), (3) extraction with
water (80 °C, 60 min), (4) extraction with ethanol solution (80%
ethanol; 80 °C; 30 min), centrifugation, and extraction of the pellet
with water (50 °C; 30 min), (5) extraction with ethanol solution (80%
ethanol; 80 °C; 30 min) and two centrifugation−water extraction steps
(50 °C, 30 min). Error bars represent standard deviations on two
replications.
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via the enzymatic method of Huynh et al.12 In a second
approach, the same method was applied but α-galactosidase was
not used in the hydrolysis step. When α-galactosidase is not
included, fructose is released from raffinose and from other
raffinose oligosaccharides by the action of inulinase.14,27

Consequently, the calculated fructan concentration is higher
when α-galactosidase is not included in the enzymatic method.
Table 1 shows the difference between fructan concentrations
from the two analyses (denoted as Δ1) and gives information
about the total amount of raffinose oligosaccharides in flour. In
a third approach, samples were subjected to mild acid
conditions as described earlier. Finally, these results were
used to calculate fructan concentrations a fourth time but
without making a correction for the presence of raffinose. Since
mild acid treatment releases fructose from raffinose, the fructan
concentration increased when the correction was omitted. This
increase (Δ2 in Table 1) is a measure of the raffinose
concentration. Because Δ1 and Δ2 do not differ significantly (P
> 0.01), raffinose seems to be the only important raffinose-
oligosaccharide in wheat grains. In conclusion, a correction
should be made for the presence of sucrose and raffinose when
acid hydrolysis is used for fructan quantification since they
release fructose and/or glucose during mild acid conditions. No
correction has to be made for raffinose oligosaccharides with a
DP higher than raffinose since these oligosaccharides either
were not present or were present only in negligible quantities in
the analyzed wheat grain samples. This is in agreement with
previous observations that stachyose could not be detected in
wheat flour12 or could be detected only at very low
concentrations (0.06 mg/g flour),21 while verbascose could
not be detected at all.12,28

Comparison of Acid and Enzymatic Hydrolysis.
HPAEC-PAD profiles of hydrolyzed flour extracts demon-
strated that both mild acid and inulinase treatment degrade
wheat grain fructans completely (results not shown). To
confirm this observation, fructose and glucose concentrations
after acid or enzymatic hydrolysis of flour samples were
compared. As expected and observed in Table 1 (enzymatic
hydrolysis with α-galactosidase vs acid hydrolysis with raffinose
correction), the calculated fructan concentrations did not differ
significantly. It is generally accepted that inulinases are able to
degrade fructans with a linear structure.29 Our results show that
they also degrade wheat grain fructans, although these fructans
probably have a more complicated, branched structure.8

However, due to the fact that glucose is released from starch
and maltose during the enzymatic procedure but not during
mild acid hydrolysis, much less glucose is set free from non-
fructan compounds during mild acid hydrolysis and the
concentration of glucose derived from fructans can be
determined more accurately. This is a prerequisite to calculate

the DPav of fructans since small changes in the measured Gf
have major effects on the calculated DPav. In addition, a one-
step extraction with water is sufficient when acid hydrolysis is
used and extraction with ethanol to avoid coextraction of starch
or dextrins is redundant.

Outline of the Optimized Procedure and Validation.
Based on the previous results, an optimized fructan
quantification procedure is presented. Hot water is used to
extract fructans (80 °C, 60 min) and, after centrifugation, a
mild acid treatment for fructan hydrolysis. Glucose and fructose
are measured with HPAEC-PAD in the hydrolyzed sample. As
other sugars than fructans, like sucrose and raffinose, also
release fructose and/or glucose during mild acid treatment, a
correction is made for their presence in wheat grains. Sucrose
concentrations are measured directly in the nonhydrolyzed
extract together with free glucose and fructose. Raffinose is split
into melibiose and fructose during mild acid treatment. By
measurement of melibiose in the hydrolyzed sample, the
interference from raffinose is taken into account. Fructan
concentrations and DPav are calculated as described in Materials
and Methods.
Regression analysis revealed a linear correlation between the

recovered and the actual fructan concentrations when a fructan
control sample was analyzed with the proposed method (Figure
S1 in the Supporting Information).
Acceptable fructan recoveries (99.3−102.4%) were also

found when wheat flour was spiked with the fructan control
(Table 2), demonstrating the accuracy of the method. The

relative standard deviation was small (2.94%, 10 replications)
when the fructan concentration of the wheat flour was analyzed
and indicates that the method has a good repeatability as well.
Small amounts of 1-kestose or 1,1,1-kestopentaose were

added to a mixture of starch, sucrose, and raffinose to verify if
the proposed method can be used to determine the DPav.
Calculated and actual DPav were comparable (Table 3).
Since only few pure fructan samples with a high and known

DP are available, it is more difficult to assess the suitability of
the method for DP determination of high DP fructans.
Nevertheless, a DPav of 30.96 was found for inulin from

Table 1. Fructan Concentrations (g/100 g total sample) in Wheat Samples Determined via Either Enzymatic or Acid
Hydrolysisa

fructan concn (g/100 g)

enzymatic hydrolysis acid hydrolysis

with α-galactosidase without α-galactosidase Δ1 with raffinose corrn without raffinose corrn Δ2

whole wheat flour 1.84 (0.01) 1.99 (0.01) 0.15 (0.02) 1.77 (0.03) 1.91 (0.03) 0.14 (0.01)
spelt flour 0.61 (0.01) 0.71 (0.01) 0.09 (0.01) 0.63 (0.05) 0.71 (0.05) 0.07 (0.01)
wheat flour 1.06 (0.03) 1.04 (0.04) −0.02 (0.07) 1.17 (0.02) 1.19 (0.02) 0.02 (0.01)

aEnzymatic hydrolysis was performed either with or without α-galactosidase. The difference in the calculated fructan concentrations is denoted by
Δ1. The fructan concentration was also calculated after acid hydrolysis either with or without correction for raffinose, and the difference is denoted
by Δ2. Values within parentheses are standard deviations on two replications.

Table 2. Average Recovery (and Standard Deviation) of
Fructans Spiked in Wheat Flour, Determined via Acid
Hydrolysis in 10 Replications

recovery (%)

wheat flour + 3% fructan 99.3 (2.6)
wheat flour + 2% fructan 102.4 (3.1)
wheat flour + 1% fructan 100.9 (2.9)
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chicory (expected DPav ≥ 25), and therefore the authors
presume that the method is suitable for these samples as well.
Application of mild acid treatment to water extracts of flour

samples demonstrated a DPav of 4, 5, and 6 for the spelt flour,
wheat flour, and whole wheat flour, respectively. A slightly
higher DPav was observed for the whole wheat flour than for the
wheat flour. This may be a consequence of the almost complete
disappearance of fructans in the outer pericarp during kernel
maturation. Indeed, Schnyder et al. (1993) observed that the
fructans in the outer pericarp of immature wheat kernels had a
higher molecular weight than those from the inner pericarp,
testa, and endosperm.30 Since the fructans from the outer
pericarp disappeared almost completely, a low DPav for both
whole wheat flour and wheat flour can be expected. The
described method is suitable to investigate this further by a
detailed analysis of the DPav of wheat flours and wheat bran.

■ ASSOCIATED CONTENT
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One figure showing the correlation between the recovered and
the actual fructan concentrations when a fructan control (25.5%
fructan) was analyzed in triplicate at five concentrations (2.5,
6.5, 12, 20, and 26 mg/15 mL) with the proposed method. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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