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Abstract

A mass spectrometer was coupled to high-performance anion-exchange chromatography (HPAEC) with the help of electrochemical neutral-
ization of the eluent and post-column addition of lithium chloride for carbohydrate analysis. Parallel selective channels (single ion monitoring)
were used to decrease the detection limits and separate unresolved peaks. The mass specific detection allowed the simultaneous analysis of
a wide range of sugar alcohols, mono-, di- and oligosaccharides. Carbohydrates extracted from leaves of poplar submitted to drought stress
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ere analyzed using pulsed amperometric detection (PAD), then mass spectrometry. It allowed the confirmation of peak attribut
dentification of salicin as a major compound in the extracts. Different responses to water deficit and re-hydration were obtained
arbohydrates, suggesting different roles in osmoprotection processes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Among the major constituents in plants, carbohydrates are
nown to vary with season, light availability and vegetative
tage, reflecting growth and daily variation of photosynthesis.
arbohydrates are also generally involved in osmoprotection
uring abiotic stress like hyperosmotic stress. The carbo-
ydrates involved consist in hexoses (mostly fructose and
lucose), disaccharides (trehalose, sucrose), sugar alcohols
inositol, mannitol, etc.), and complex carbohydrates (raffi-
ose, stachyose, etc.)[1].

Number of difficulties can be encountered during the chro-
atographic analysis of carbohydrates, especially due to the
igh diversity of carbohydrates occurring in nature. In addi-

ion, the wide range of functional groups (hydroxyl, amino,
cetamino, phosphate) increases the chemical diversity thus
reatly complicating the choice of stationary and mobile

∗ Corresponding author. Tel.: +352 47 02 61 850; fax: +352 47 02 64.
E-mail address:guignard@lippmann.lu (C. Guignard).

1 These authors contributed equally to the paper.

phases. Moreover, due to the absence of chromopho
fluorescent groups, a derivatization step is often requir
analyze carbohydrates with conventional detectors. Gas
matography with FID or MS detection has been employe
separate and identify carbohydrates[2–6]. However, due t
their high polarity, hydrophilicity and low volatility, carboh
drates have to be converted into acetate or TMS deriva
before GC analysis. For these reasons, HPLC is often
ferred for carbohydrates quantification. Although UV de
tion can be used[7], underivatized carbohydrates are co
monly detected by refractive index detection[8–9]. Recently
a fluorescence detector has been used to detect carbohy
at the picomole level, after labeling with 2-aminobenzam
[10]. Size-exclusion chromatography, capillary electroph
sis and capillary electrochromatography are less used
niques to analyze carbohydrates[11–14].

High-performance anion-exchange chromatogra
(HPAEC) coupled with pulsed amperometric detec
(PAD) is an efficient method to quantify carbohydrate
natural samples and food products[15–21]. In fact, due to
their weak acidic properties (pKa≈ 12), carbohydrates ca
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.05.068
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be ionized in strong basic conditions. Thus, an accurate
separation of carbohydrates can be achieved by using a
strong anion exchange stationary phase and hydroxide
solutions as eluent. PAD is an electrochemical method based
on the oxidation of carbohydrates on a gold electrode by
application of a positive potential. It provides high sensitivity
and selectivity, without any time-consuming derivatization
step. However, in plant extracts, as in many natural samples,
the high complexity of the matrix may lead to coelution
and excessive noise. Consequently, interferences between
the matrix components and the target compounds can
strongly affect the results by hindering peak attribution
and integration. The mass spectrometric detection is highly
selective and sensitive, and can therefore solve a lot of
chromatographic troubles. However, MS is commonly con-
sidered to be incompatible with the highly alkaline eluents
used in HPAEC. Technical improvements allowing the MS
analysis of carbohydrates by HPAEC and results obtained
on drought-stressed poplar are described in this work.

2. Experimental

2.1. Samples

Populus euphraticaseedlings were grown for one year
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Midas autosampler, a GP-40 gradient pump and an ED-
40 electrochemical detector. The analytical column was a
Dionex Carbopac PA-10 (4 mm× 250 mm) with a PA-10
guard column (4 mm× 50 mm). The eluents were pure water
and 300 mM NaOH. Percentages of both eluents were calcu-
lated to obtain the desired hydroxide concentration: 12 mM
during 25 min, 12–150 mM in 1 min, 5 min at 150 mM,
150–12 mM in 1 min and column equilibration at 12 mM dur-
ing 8 min. The flow rate was 1 ml min−1 and the column was
kept at 30◦C. The PAD detection was achieved with a gold
working electrode and an Ag/AgCl reference electrode, with
a data collection rate of 2 Hz. The potential was set to 0.10 V
during 0.41 s (integration between 0.1 and 0.4 s),−2.0 V dur-
ing 20 ms, 0.6 V during 10 ms and−0.10 V during 60 ms.
Carbohydrates were quantified using five-points calibration
curves, ranging from 1 to 100�mol l−1.

2.4. Analysis of carbohydrates using HPAEC-MS

HPAEC-MS experiments were performed on a Dionex
BioLC chromatograph, with an AS-50 autosampler, a GS-50
gradient pump and an EG-50 eluent generator. The mobile
phase was on-line generated KOH at 0.25 ml min−1. The
hydroxide concentration was programmed as follows: 10 mM
during 22 min, 10–100 mM in 1 min, 100 mM during 7 min,
100–10 mM in 0.5 min and column equilibration at 10 mM
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nder natural daylight in greenhouse conditions, in
ots containing a peat/sand mixture (50/50; v/v). Ab
0–100 cm high plants were then assayed for water d

olerance. Imposed drought was applied during 18 days
oil humidity reached 5± 2% and the plants were then ma
ained for 10 days under these water deficit conditions b
e-hydration. Control plants were irrigated in order to m
ain a soil humidity of 23± 3%.P. euphraticaleaves wer
arvested during water deficit conditions at day 18, aft

east 7 days of maintenance at 5% soil humidity (from
5 to 28) and after soil re-watering (Day 32). Generally,
r five different plants were used for leaf sample harves
evertheless only two were used in control conditions at
2. Collected samples were directly frozen in liquid nitro
nd stored at−80◦C for carbohydrate analyses.

.2. Carbohydrates extraction

About 150 mg of fresh matter were finely crushed in liq
itrogen and extracted with 1.5 ml of an ethanol/water m

ure (80/20; v/v) during 1 h. The samples were centrifuge
000×g, at 4◦C, during 10 min. The supernatant was rec
red and evaporated at reduced pressure. The extrac
nally dissolved in 1 ml water, filtered at 0.45�m and ana
yzed.

.3. Analysis of carbohydrates using HPAEC-PAD

HPAEC-PAD analyses were conducted on a Dionex
00 chromatograph (Sunnyvale, USA) constituted by a S
s

uring 10 min. The analytical column was a Dionex C
opac PA-20 (3 mm× 150 mm) with a PA-20 guard colum
3 mm× 50 mm) at 30◦C. The desalter was an ASRS-Ul
ith a constant current of 65 mA. The post-column addi
f 0.5 mM LiCl was done with a Dionex AXP-MS auxilia
ump. MS data were acquired on a Finnigan MSQ quadru
pectrometer with an electrospray interface (ESI). The p
emperature was fixed at 500◦C with a needle voltage o
.5 kV.

. Results and discussion

.1. HPAEC-MS coupling

Due to their high salinity and low volatility, hydroxid
luents cannot be directly injected through the MS interf
here it can cause electrical shortcuts and capillary plug
y salt crystallization. The usual solution is to dilute a

ine eluents by a post-column addition of water. Howe
he concentrations of the analytes, and consequently th
itivity of the detector, are reduced as well with this meth
n the contrary, electrochemical desalting, also know

uppression, is an efficient way to convert hydroxide
nts into pure water. The neutralization of KOH is obtai
y a combination of water electrolysis and ion-excha
+ are produced by the oxidation of water and are
xchanged with K+ ions of the eluent, which is therefo
eutralized without diluting or modifying the analytes.

hese conditions, background noise is significantly decre
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and the resulting eluent is fully compatible with a MS
interface.

Owing to the high polarity and low volatility of carbohy-
drates, an ESI interface was preferred to atmospheric pressure
chemical ionization (APCI). However, as ions are the only
detected species in MS, the signal intensity of a molecule
is closely related to its ionization yield. For this reason, due
to their low ionization yields in ESI or APCI, underivatized
carbohydrates are poorly detectable in classical LC–MS con-
ditions. An alternative way to form ions from carbohydrates
is to generate adducts with inorganic ions. For that reason,
a lithium chloride solution was continuously added before
the ESI interface. As a result, the ionization yield and con-
sequently the response factor of carbohydrates were greatly
enhanced in positive mode by the formation of [M + Li]+ ions.
On the contrary [M + Cl]− ions were poorly observable in
negative mode. An alternative to post-column addition could
be a partial suppression of the KOH eluent, in order to form
adducts with the remaining K+ ions. However, as the sup-
pressor current must be maintained at a constant value to
avoid baseline drifting during analysis, this method cannot
be applied with gradient elution.

3.2. Signal optimization

The temperature of the capillary and the needle volt-
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Table 1
Retention factor and detection channel for common carbohydrates

Carbohydrate k′ Channel (amu)a

1. Pinitol 0.38 219
2. Inositol 0.39 187
3. Sorbitol 0.77 189
4. Mannitol 0.98 189
5. Trehalose 1.04 349
6. Arabinose 4.53 175
7. Galactose 6.04 187
8. NAcGlucosamine 5.99 228
9. Glucose 6.65 187
10. Mannose 7.60 187
11. Xylose 7.71 175
12. Sucrose 7.95 349
13. Fructose 8.91 187
14. Lactose 10.49 349
15. Melezitose 12.72 511
16. Melibiose 12.94 349
17. Raffinose 13.45 511
18. 1-Kestose 15.04 511

a Adduct used for detection: plain character: [M + Li]+, italic character:
[M + H2O + Li]+.

Fig. 1. Simultaneous SIM chromatograms of a standard mixture (18
carbohydrates—seeTable 1for peak numbering).
ge only depend on the flow rate and nature of the el
n our case (water-based eluent at 0.25 ml min−1), the bes
esults were obtained with 500◦C and 3.5 kV. Conversely, th
one voltage is fully compound-dependant. As expected
olecular weight carbohydrates require a lower acceler

oltage than heavier carbohydrates. As an example, the
al cone voltage for pentoses was found to be 70 V whe

he best results for trisaccharides were obtained with 90
ddition to these MS parameters, the post-column add
as to be optimized. On one hand, the concentration o
iCl solution has to be sufficient to form adducts with
ighest expected amounts of carbohydrates but, on the
and, an excessive input of LiCl in MS can induce a h
hemical noise and increases the risk of capillary plugg
s LiCl concentration, the solution flow rate should not b

imiting factor for adducts formation, but it has to be kep
ow as possible to prevent analyte dilution. In our case
ptimal LiCl concentration and flow rate were found to
.5 mmol l−1 and 0.05 ml min−1, respectively.

.3. Efficiency of MS detection

A large number of parallel selective channels (sele
on monitoring) can be used for criticalm/z, providing an
xcellent selectivity. Some examples of carbohydrates
orresponding SIM channels are given inTable 1. Most car-
ohydrates are detected as their [M + Li]+ adduct but, in
ome cases, the more intense [M + H2O + Li]+ adduct can
e used without losing specificity. As illustrated onFig. 1,
oeluting compounds (inositol/pinitol, mannitol/trehalo
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Fig. 2. Calibration curves of glucose in IC-PAD (squares and plain line) and
IC-MS (crosses and dotted line).

xylose/mannose,. . .) can easily be differentiated by MS
detection, which allows the simultaneous analysis of a wide
range of carbohydrates, ranging from pentoses and sugar
alcohols to di- and trisaccharides.

Extracts from poplar leaves were analyzed using six SIM
channels (0.2 s dwell time) for selective detection of nine
carbohydrates (pinitol, sorbitol, mannitol, trehalose, glucose,
fructose, sucrose, raffinose and stachyose) and 1 scan chan-

nel (100–1000 uma, 0.5 s scan time) to investigate unknown
compounds. In these conditions, the detection limit was about
5 pmol, which is quite higher than the 1 pmol detection limit
obtained with PAD. Nevertheless, the sensitivity of a spe-
cific channel can be increased by the attribution of a longer
dwell time. In this case, the dwell times of the other chan-
nels have to be reduced to maintain the total MS cycle time
below a value of 1.5 s, which ensures a correct resolution of
chromatographic peaks.

As seen onFig. 2, the MS detection provides a lower lin-
earity than PAD. This is induced by the exponential MS
electromultiplier gain factor. This contributes to consider
HPAEC-PAD as the most accurate routine method to quan-
tify carbohydrates, whereas HPAEC-MS provides a better
selectivity for problematic samples.

3.4. Determination of unknown compounds

A second benefit of MS detection is the availability of
mass spectra from unknown peaks. In fact, even if LC/MS
spectra are known to provide less information than EI
GC/MS spectra, fragmentation of molecules can easily be
obtained by increasing the MS cone voltage, as illustrated
in Fig. 3. Due to low fragmentation possibilities, fructose
mass spectra are quite the same at 100 and 150 V, with
three major peaks atm/z= 169, 187 and 205, correspond-
Fig. 3. Mass spectra of fructose and suc
rose with 100 and 150 V cone voltage.
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Fig. 4. HPAE-PAD chromatogram of a leaf extract.

ing respectively to [C6H12O6 + Li + H2O]+, [C6H12O6 + Li] +

and [C6H12O6 + Li + H2O]+ ions. The fragmentation of
sucrose is significantly different: the pseudo-molecular peak
[C12H22O11 + Li] + (m/z= 349) is largely prominent at 100 V
whereas glucose and fructose fragments (m/z= 169, 187 and
205) are enhanced at 150 V.

Fig. 4 shows a typical HPAEC-PAD chromatogram of a
poplar leaf extract: in addition to identified carbohydrates,
an unknown compound is observed in high amounts. After
HPAEC-MS analysis of the same extract, the mass spec-
trum of this unknown was obtained (Fig. 5a). The pseudo-
molecular peak [M + Li]+, occurring atm/z= 293 undoubt-
edly indicated a molecular weight of 286 g mol−1. Similarly,
the fragments atm/z= 187 and 169, characteristic of hexoses,
suggested that the structure of the unknown contains a hex-
ose fragment. With the help of the web spectra database[22],

Fig. 6. Variations, normalized to the control, of endogenous fructose (Fru),
galactose (Gal), glucose (Glu) and salicin (Sal) levels in leaves ofPopulus
euphratica. Presented data are averages of differences measured between
control and stressed plants. White bars: plants after 18 days of drought expo-
sure; black bars: plants from 25 to 28 days of drought exposure; dashed bars:
plants 5 days after rewatering after the drought period.

about 80 molecules were found with a MW of 286 g mol−1,
less than 10 were natural compounds and only five had weak
acidic properties. Finally, the only molecule matching with
chromatographic and MS results was salicin. By comparison
with pure salicin analysis, the structure of the unknown was
confirmed by the perfect fitting of retention time and mass
spectrum (Fig. 5b).

3.5. Effect of water stress and rehydration

Changes in hexoses and salicin endogenous content dur-
ing water deficit and after re-hydration have been measured.
Control plant endogenous content in measured hexoses and
salicin did not vary significantly all along the experiment,
since statistical tests[23] showed that the probability of
rejection of the true null hypothesis was higher than the
significant level (i.e.P> 0.05). Galactose level was esti-
mated at 6.5± 2.4�mol g−1 of dry weight, fructose and
glucose were quantified at higher levels with respectively
39.2± 8.2 and 47.7± 8.2�mol g−1 DW. Salicin was the
major carbohydrate inP. euphraticawith an average content
of 111.7± 26.8�mol g−1 DW. Variations of the carbohy-
drate levels, normalized to the control, are presented inFig. 6.
Various trends could be observed during the assay: fructose
(Fru) and galactose (Gal) contents were higher during drought
s This
a pro-
t ,
g plant
r ys of
t Plant
w licin
( when
g icate
t ress,
Fig. 5. Mass spectra of unknown compound (a) and pure salicin (b). f tion.
tress and after re-hydration than in control conditions.
ccumulation is probably due to the increase of osmo

ectants needed for drought resistance[24,25]. Furthermore
alactose content decreased after plant watering and
ecovery. Glucose (Glu) accumulated during the first da
he stress and returned to the control level afterwards.
atering led to a secondary glucose accumulation. Sa

Sal) accumulated at the end of the drought treatment,
lucose content returned to a control level. This may ind

hat glucose is used, under prolonged water deficit st
or the synthesis of salicin, thus leading to its accumula
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These modulations in compounds taking part in the osmoreg-
ulation during drought exposure may reveal adjustment needs
for the responses to resist to drought for a long period.

After 28 days of drought, watering led to a decrease
in galactose content and an increase in glucose and more
severely in salicin. This was already observed in[5] Pop-
ulus delto¨ıdesafter re-watering following a drought period
and could be linked to a need of general osmotic adjustment,
including carbohydrates and other molecules as proline, pro-
line analogues, betaine[26] or ions, before the full recovery
of the plant.

4. Conclusion

A mass spectrometric detector has been coupled with car-
bohydrate high-performance anion-exchange chromatogra-
phy, by using electrochemical neutralization of the hydroxide
eluent and adduct formation with lithium. A very high speci-
ficity was obtained with SIM channels, which allowed the
separation of coeluting compounds. A full scan channel was
also used to record mass spectra from unknown compounds.
Carbohydrates extracted from leaves of water-stressed poplar
were analyzed using HPAEC-PAD and HPAEC-MS. The
later method permitted to confirm peak attributions and to
identify salicin as a major compound in most samples. Con-
t were
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t ntent
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