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a b s t r a c t

Onion soluble non-structural carbohydrates consist of fructose, glucose and sucrose plus fructooligosac-
charides (FOS) with degrees of polymerisation (DP) in the range of 3–19. In onion, sugars and FOS are
typically separated using liquid chromatography (LC) with acetonitrile (ACN) as a mobile phase. In recent
times, however, the production of ACN has diminished due, in part, to the current worldwide economic
recession. A study was therefore undertaken, to find an alternative LC method to quantify sugars and
FOS from onion without the need for ACN. Two mobile phases were compared; the first taken from a
paper by Vågen and Slimestad (2008) [3] using ACN mobile phase, the second, a newly reported method
using ethanol (EtOH). The EtOH mobile phase eluted similar concentrations of all FOS compared to the
ACN mobile phase. In addition, limit of detection, limit of quantification and relative standard deviation
values were sufficiently and consistently lower for all FOS using the EtOH mobile phase. The drawback
of the EtOH mobile phase was mainly the inability to separate all individual sugar peaks, yet FOS could
be successfully separated. However, using the same onion extract, a previously established LC method
based on an isocratic water mobile phase could be used in a second run to separate sugars. Although
the ACN mobile phase method is more convenient, in the current economic climate a method based on
inexpensive and plentiful ethanol is a valid alternative and could potentially be applied to other fresh

produce types.

In addition to the mobile phase solvent, the effect of extraction solvents on sugar and FOS concentration
was also investigated. EtOH is still widely used to extract sugars from onion although previous litera-
ture has concluded that MeOH is a superior solvent. For this reason, an EtOH-based extraction method
was compared with a MeOH-based method to extract both sugars and FOS. The MeOH-based extraction
method was more efficacious at extracting sugars and FOS from onion flesh, eluting significantly higher

, kest
concentrations of glucose

. Introduction

Onion bulbs contain the water soluble carbohydrates fructose,
lucose, sucrose and fructans constituting 60–80% of the dry weight
1]. Fructans are oligo- and polysaccharides in which fructosyl
nits are bound to sucrose by a �-linkage, whereas fructooligosac-
harides (FOS) generally only refer to the short chain fructans
omposed of kestose, nystose and fructofuranosylnystose [2]. FOS
re used not only as energy reserves but additionally as osmoreg-

lators due to their solubility in water. The main FOS found in
nions are neokestoses which have fructose elongations up to DP19
degree of polymerisation) from either side of the sucrose unit [3].

∗ Corresponding author at: Plant Science Laboratory, Cranfield University, Bed-
ordshire MK43 0AL, UK. Tel.: +44 7500 766 490.

E-mail address: l.a.terry@cranfield.ac.uk (L.A. Terry).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.04.003
ose, nystose and DP5–DP8.
© 2010 Elsevier B.V. All rights reserved.

The structural and non-structural carbohydrate profile of onion
bulbs varies greatly between cultivars [4–6] and throughout stor-
age [5,7]. High fructan concentrations have been associated with
increased postharvest storage life potential [8]. In addition, changes
in the carbohydrate profile of onion bulbs are important for taste
preference as concentrations of fructose and glucose have been
positively correlated with likeability and sweetness [9].

Davis et al. [5] investigated the efficacy of different extraction
methods for the quantification of sugars and fructans. Three extrac-
tion methods were compared and the most efficacious method at
extracting sugars and fructans was that described by O’Donoghue
et al. [4] with modification. The major differences between these
extraction procedures were the solvent used; the O’Donoghue

method utilising 62.5% (v/v) methanol (MeOH) whereas the other
two methods used aqueous ethanol (EtOH) [10,11]. Due to the
higher polarity of the MeOH mixture, fructose, glucose and sucrose
tend to be more soluble in MeOH-based solutions than EtOH extrac-
tion solvents [5].
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Quantification of total fructans can be achieved using an enzyme
ssay coupled with spectrophotometry [7] or standard liquid chro-
atography (LC) [2]. However, methods such as LC coupled with

n evaporative light scattering detector (ELSD) with aqueous ACN
radient mobile phase [3,10], high performance anion exchange
hromatography with pulsed amperometric detection (HPAEC-
AD) [12] or matrix-assisted laser desorption/ionisation-time of
ight (MALDI-TOF) [5] are capable of quantifying individual FOS of
ifferent polymerisation. The LC–ELSD method adopted by Vågen
nd Slimestad [3] is an excellent method for the fast (10 min)
etermination of sugars (glucose, fructose and sucrose) and FOS
f sizes varying from DP3–DP8 in onion. That said, it requires a
arge amount of acetonitrile (ACN) which has now become a topical
roblem.

Recently, a global shortage of ACN caused prices to soar. The
eason for this short supply is that unlike MeOH, there are no facil-
ties solely dedicated to the production of ACN, but instead it is
old as a co-product of the plastic, acrylonitrile. Due in part to the
lobal recession, demand for cars and other products which require
crylonitrile plastic has been in decline hence causing a knock-on
eduction in ACN production and thus supply.

The aim of this study was therefore to develop a method focused
n the use of EtOH rather than ACN to extract and quantify sug-
rs and FOS in onion bulbs. The ACN method used in this study
as taken from Vågen and Slimestad [3] who used an EtOH-based

xtraction method. This said, other papers [5] have found a MeOH-
ased extraction procedure is more suitable for extraction of sugars
rom onion. Hence, this study compared two extraction methods;
tOH and MeOH, and two mobile phases; ACN and EtOH to estab-
ish a new method for quantification of sugars and FOS from onion

ithout the need to rely on ACN.

. Materials and methods

.1. Plant material and sample preparation

Onions cv. Red Baron were grown on peat (Allpress Farms Ltd.,
hatteris, Cambs., UK) and harvested on 13th October 2008. Onions
ere taken for analysis within 2 days of harvest to ensure high

ructan content. Three samples were taken from the top, middle
nd bottom of the field, each of which consisted of four onion bulbs.
longitudinal wedge (5 g) was cut from each of the four bulbs and

ooled (20 g) before being snap-frozen in liquid nitrogen and then
tored at −40 ◦C. Frozen tissue was lyophilised using an Alpha 1-
Christ LDC-1 freeze-dryer (Christ, Lower Saxony, Germany) and

ump (Edwards Super Modulo, Sussex, UK) before sugar and FOS
nalysis.

.2. Sugar and fructooligosaccharides extraction

Two extraction methods were compared; an EtOH extraction
ccording to Vågen and Slimestad [3] and a MeOH extraction
ccording to O’Donoghue et al. [4], with modifications. Onion pow-
er (150 mg) was added to 2.5 ml 80% (v/v) EtOH and extracted
or 30 min at 75 ◦C using a water bath. The extract was removed
sing a plastic Pasteur pipette and set aside and then the residue re-
xtracted using the same method. Again the extract was removed
nd the pulp re-extracted twice more in 1 ml of LC grade water for
0 min at 75 ◦C. The extracts were pooled (7 ml) and then passed
hrough a 0.2 �m Millex-GV syringe driven filter (Millipore Corpo-

ation, MA, USA).

Similarly onion powder (150 mg), from the same bulb, was also
xtracted based on the method described by O’Donoghue et al. [4]
ith modifications [5]. LC grade water (2.25 ml) was added to the

nion powder for 10 min at 75 ◦C to extract the FOS. To the slurry,
ta 82 (2010) 118–124 119

3.75 ml MeOH was added to give a final 62.5% (v/v) MeOH solu-
tion and extracted for 15 min at 55 ◦C. The slurry was then passed
through a 0.2 �m Millex-GV syringe driven filter. Both groups of
extracts were stored at −40 ◦C until further use.

2.3. LC elution

The two extraction methods were compared for sugars and FOS
using a gradient of ACN and water as the mobile phase accord-
ing to Vågen and Slimestad [3] with slight modifications due to
differences in column length. Extracts were thawed and loaded
into a LC system (Dionex, CA, USA) with a P680 pump and ASI-
100 Automated Sample Injector. The extract (10 �l) was injected
into a Prevail Carbohydrate ES column of 250 mm × 4.6 mm diam-
eter, 5 �m particle size (Alltech, UK; Part no. 35101) with a Prevail
Carbohydrate ES guard cartridge of 7.5 mm × 4.6 mm diameter (All-
tech; Part no. 96435). The mobile phase consisted of LC grade water
(A) and ACN (B). The gradient involved a linear increase/decrease
of solvent B; 80–50%, 15 min; 50–80%, 5 min; 80% 5 min at a flow
rate of 1.0 ml min−1 and column temperature held at 30 ◦C using a
STH 585 column oven.

Comparison between mobile phases was only conducted on
the samples extracted using the most effective solvent method.
The ACN mobile phase method as described above was compared
with a new EtOH-based mobile phase using the same LC system
and column. The mobile phase consisted of LC grade water (A)
and EtOH (B). The gradient involved a linear increase/decrease
of solvent B; 85–65%, 9 min; 65–85%, 3 min; 85% 8 min at a
flow rate of 0.5 ml min−1 and column temperature was set at
40 ◦C.

2.4. LC quantification

The same detector and standards were used to compare extrac-
tion solvents and mobile phases. Eluted carbohydrates were
detected using an evaporative light scattering detector (ELSD
2420, Waters, MA, USA) connected to the LC system via a UCI-50
universal chromatography interface. The carbohydrate data was
calculated against authentic calibration standards ranging from
0.05 to 4 mg ml−1; fructose, glucose, sucrose, 1-kestose and nys-
tose (Sigma, Dorset, UK) (Fig. 1). The FOS in the range of DP4–DP8
were each calibrated against nystose [3].

2.5. Data analysis

Statistical analyses were conducted using Genstat for Windows
Version 9.1.0.147 (VSN International Ltd., Herts., UK). Analysis of
variance (ANOVA) was used to identify significant differences in
sugar and fructan concentrations measured using each extraction
method and each mobile phase. Least significant differences (LSD;
P = 0.05) were calculated from each analysis. Limit of detection
(LOD) was calculated as three times the standard deviation (SD)
and limit of quantification (LOQ) as ten times the SD and relative
standard deviation (R.S.D. %) was calculated as the (SD × 100)/mean
[13]. Standard errors of calibration curve parameters were calcu-
lated using SigmaPlot 10.0 (Systat Software, London, UK).

3. Results and discussion

3.1. Extraction procedure
Sugars and FOS were extracted from onion using two different
solvents; 80% (v/v) EtOH or 62.5% (v/v) MeOH. The two extracts
were only compared using the ACN mobile phase in order to
establish the most efficacious extraction method before comparing
different mobile phases. Glucose, kestose, nystose, and DP5–DP8
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ere all significantly higher in samples extracted with MeOH

Fig. 2). Davis et al. [5] compared the 62.5% (v/v) MeOH extraction

ethod used herein with two similar methods to that of Vågen
nd Slimestad [3]; one using 80% (v/v) EtOH heated for 2 h at 70 ◦C,
lthough originally it was used on potato [11], and the second
sing 80% (v/v) EtOH refluxed for 1 h [10]. Higher concentrations
sucrose, 1-kestose and nystose.

of sugars in a variety of onion cultivars and better resolution of

fructans were found in samples extracted with the more polar sol-
vent, MeOH, compared with EtOH measured using MALDI-TOF [5].
In addition, the EtOH procedure as described by Vågen and Slimes-
tad [3] took a longer period of time to extract compared with the
MeOH extraction. The EtOH extraction required a total of 10 ml
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Fig. 2. Mean sugar and fructooligosaccharide concentrations (mg g−1 DW) in onion
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amples extracted with either methanol (MeOH; black bars —) or ethanol (EtOH;
rey bars ) and quantified using the Vågen and Slimestad [13] acetonitrile
obile phase-based method. Values are means for n = 9 ± standard error (SE). Total

ugars = sum of fructose, glucose and sucrose; total FOS = sum of DP3–DP8.

tOH and 1 h 20 min incubation period whereas the MeOH extrac-
ion required only 3.25 ml MeOH and 25 min incubation. Therefore,
ot only did the MeOH extraction elute a higher concentration
f FOS and sugars but also required less solvent and a shorter
ncubation period. Vågen and Slimestad [3] analysed a range of
ultivars using fresh onion samples with an EtOH-based extrac-
ion solvent. Results herein (Fig. 2) were extracted using the same
tOH-based method and LC conditions but using freeze-dried onion
owder. Total sugar concentrations (sum of fructose, glucose and
ucrose values) from red onions field cured for 2 weeks plus 4
eeks at 20–25 ◦C ranged from 5.95 (cv. Reddawn F1) to 6.63 (cv.
ed Pearl F1) g 100 g−1 FW (ca. 595–663 mg g−1 DW) [3] whereas
otal sugar concentrations from freshly harvested freeze-dried red
nion powder was 350.7 mg g−1 DW (cv. Red Baron) (Fig. 2) and
n the range of previous data using freeze-dried onion powder
5,14]. It is therefore worth noting that differences in sugar con-
ent between works may be influenced by not only onion growing
onditions, age and cultivar but also importantly by sample prepa-
ation. The concentration of sucrose in onions cv. Sherpa doubled
fter 6 weeks curing at 28 ◦C due to the conversion of FOS into
imple sugars [14]. The higher concentration of sugars found by
ågen and Slimestad [3] is therefore most likely due to onion cur-

ng as the onions used in this study were freshly harvested to
nsure high FOS content but resulted in lower sugar concentra-
ions.

.2. Elution

Two gradient mobile phases were compared; ACN versus EtOH.
he EtOH mobile phase eluted similar concentrations of FOS except
or nystose and DP5 which were slightly higher when eluted using
tOH (Fig. 3). However, although the EtOH mobile phase appeared
o be as good a method for the quantification of FOS as ACN, it
as not possible to resolve all sugar peaks. Two sugar peaks were

luted; the first containing fructose and the second containing both
lucose and sucrose (Fig. 4). Modifications to the gradient, col-
mn temperature and flow rate would not allow the separation
f glucose from sucrose. It was possible to calculate fructose con-

entrations since the fructose peak was clearly separated (Fig. 4).
ructose is one of the most important sugars in onion due to its
rganoleptic properties since it is the sweetest of the three sugars
15]. That said, the main drawback of the EtOH mobile phase is that
ndividual sugars cannot be properly determined (Fig. 4); however
Fig. 3. Mean fructooligosaccharide concentrations (mg g−1 DW) of onion samples
extracted with methanol and quantified using different mobile phases; acetonitrile
(ACN; black bars —) or ethanol (EtOH; grey bars ). Values are means for
n = 9 ± SE. Total FOS = sum of DP3–DP8.

using the same extract, sugars can be determined in a separate LC
run [5]. This run quantifies fructose, glucose and sucrose with a
water-based mobile phase under isocratic conditions. Although it
would be faster to use the method by Vågen and Slimestad [3], one
MeOH extraction and two LC runs adopting EtOH and water mobile
phases can acquire the same data in the absence of ACN. Benkeblia
et al. [12] used an alternative method of ACN-free LC determination
of FOS, however sugars could only be separated using a separate
extraction procedure and LC run. When using the ACN mobile
phase, an extra peak was observed immediately after the elution of
1-kestose. This peak was not observed by Vågen and Slimestad [3]
possibly due to the use of a shorter column. The extra peak was not
completely separated from 1-kestose and is therefore most likely a
DP3. Other FOS with the same degree of polymerisation includes 6-
kestose or neokestose. Shiomi [16] found the major trisaccharides
of onions cv. Sapporo-Yellow to be 1-kestose and neokestose there-
fore the second peak in this study is most likely neokestose. For the
purpose of this study the sum of the two peaks was considered as
DP3.

3.3. Quantification

Calibration curves should consist of between 5 and 8 values [17],
therefore calibration curves of kestose and nystose were generated
using solutions of 4, 3, 2, 1, 0.5, 0.1 and 0.05 mg ml−1. From these
calibration points a calibration curve based on the ‘least squares’
methodology should be generated [17], however, typically the cal-
ibration curve generated using an ELSD is sigmoidal or exponential
[18] including kestose and nystose which both produced second-
order polynomial curves. To convert the calibration curves from
polynomial to linear, the log 10 of both the peak area and cali-
bration concentrations was calculated [18,19]. The parameters of
the second-order polynomial calibration curves using ACN and
EtOH as mobile phases were similar for nystose (Fig. 5A and B)
however, parameters were almost identical once log-transformed
(ACN: y = 1.4x − 2.5, EtOH: y = 1.3x − 2.3) (Fig. 5C and D). This same
trend was found for kestose (Table 1) where even though the
calibration curve parameters were close when calculated as a poly-
nomial curve, the log-transformed linear parameters were closer
between mobile phases. Fig. 5E and F demonstrate that apply-
ing a polynomial curve to the log-transformed calibration curve

does not produce particularly accurate parameters and therefore
a linear calibration curve applied to the log-transformed data is
preferred.

The LOD is the lowest concentration which can be discrimi-
nated from noise levels and concentrations which lie between the



122 K. Downes, L.A. Terry / Talanta 82 (2010) 118–124

Fig. 4. Chromatographic profile of sugars and fructooligosaccharides found in on

Table 1
Comparison between the parameters of kestose and nystose calibration curves plus
standard errors quantified using two mobile phases; acetonitrile (ACN) and ethanol
(EtOH) and calculated as polynomial second-order curves (y = ax2 + bx + c) and as
log-transformed linear curves (y = bx + c).

ACN mobile phase EtOH mobile phase

Kestose
Non-log polynomial (mg ml−1)

a 6.3 ± 1.49 11.8 ± 1.53
b 57.4 ± 5.95 53.1 ± 6.11
c −6.4 ± 3.95 −5.6 ± 4.06
r2 0.99 0.99

Log linear (mg l−1)
b 1.4 ± 0.01 1.3 ± 0.03
c −2.5 ± 0.03 −2.3 ± 0.08
r2 0.99 0.99

Nystose
Non-log polynomial (mg ml−1)

a 6.1 ± 1.24 10.9 ± 1.55
b 52.1 ± 4.94 53.3 ± 6.18
c −5.6 ± 3.28 −5.6 ± 4.10
r2 0.99 0.99

Log linear (mg l−1)
b 1.4 ± 0.01 1.3 ± 0.03
c −2.5 ± 0.03 −2.3 ± 0.08
r2 0.99 0.99
ion using different mobile phases; acetonitrile (ACN) and ethanol (EtOH).

LOQ and the LOD are not accurate but can be described as semi-
quantitative [17]. The LOD and LOQ were calculated for both ACN
and EtOH mobile phases. Although the LOD and LOQ values were
lowest for DP5, DP7 and DP8 when eluted using ACN, the LOD
and LOQ values were lower for kestose, nystose and DP6 when
eluted using EtOH (Table 2). The LOD and LOQ were more consis-
tent when using the EtOH mobile phase with the values ranging
from 1.5–4.6 to 3.7–15.2 �g ml−1, respectively compared to the
ACN, LOD and LOQ which ranged from 1.9–9.8 to 6.4–32.7 �g ml−1,
respectively. The R.S.D showed greatest variation for DP6 and DP8
using the ACN mobile phase but also for DP7 and DP8 using the
EtOH mobile phase; that said, R.S.D. values were all below the rec-
ommended level of 20% [20]. The R.S.D. values for the FOS using the
newly developed EtOH-based method ranged from 0.39 to 16.30%
and hence, indicated good stability under the EtOH mobile phase
conditions.

3.4. Current ACN situation
Supplies of ACN are improving; however, prices still remain
high in comparison with EtOH and MeOH. If supplies improved
sufficiently to reduce the price of ACN, the ACN method could be
readopted as the method of choice enabling the quantification of
both sugars and FOS in onion tissue in a single LC run. That said,
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Fig. 5. Calibration curves of nystose quantified using acetonitrile (left) or ethanol (right) as mobile phases. (A and B) Second-order polynomial calibration curves; (C and D)
log-transformed linear calibration curves; (E and F) log-transformed second-order polynomial calibration curves.

Table 2
Performance parameters (limit of detection (LOD), limit of quantification (LOQ) and R.S.D (relative standard deviation)) of the different fructooligosaccharides (DP5–DP8)
when eluted using different mobile phases; acetonitrile (ACN) or ethanol (EtOH).

Compound ACN mobile phase EtOH mobile phase

LOD (�g ml−1) LOQ (�g ml−1) R.S.D (%) LOD (�g ml−1) LOQ (�g ml−1) R.S.D (%)

Kestose 3.0 10.0 0.58 1.5 4.5 0.39
Nystose 2.6 8.6 0.97 1.8 5.9 0.60

1.03
6.28
3.43
5.09

i
e
A

4

v
t
t
D
a

DP5 1.9 6.4
DP6 9.8 32.7
DP7 2.6 8.7
DP8 2.2 7.2

rrespective of purchase cost, ACN is relatively toxic and more
xpensive to dispose of appropriately compared with EtOH since
CN requires detoxification [21].

. Conclusion

In conclusion, MeOH was confirmed as the more efficacious sol-

ent for extracting onion FOS and sugars. In addition, modifications
o current methods resulted in a combined MeOH and water extrac-
ion to remove both sugars and FOS using one simple procedure.
ue to the high cost of ACN following the worldwide shortage,
n ACN-free LC method could be considered given that EtOH was
3.0 10.1 1.39
4.6 15.2 3.66
4.5 14.9 7.92
3.7 3.7 16.30

found to elute concentrations of FOS in the same range as ACN with
consistently low LOD, LOQ and R.S.D values.
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