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The on-line coupling of high-performance anion-exchange chromatography (HPAEC) with ion spray mass
spectrometry, for the analysis of neutral and acidic oligosaccharides, is described. On-line desalting is
performed by a cation-exchange membrane system which replaces sodium for hydronium ions from the
effluent stream by means of either electrolysis of water or a combination of electrolysis and pneumatically
supplied sulphuric acid. In contrast to formerly described systems no booster pump between the cation-
exchange system and the ion spray interface is needed, due to the almost complete absence of back-pressure.
The on-line removal of sodium ions prior to the interface by means of electrolysis, and use of ion spray as an
ionization technique, enables the routine use of gradients of sodium acetate up to a total sodium con-
centration of 0.6 M. After optimization of the HPAEC/MS system molecular mass determination could be
obtained at concentrations down to 3ng/mL (20 ng of each compound) fora-1, 4-glucose oligomers up to a
degree of polymerization of 7 (DP7). For maltodextrines the applicable mass range could be extended to
over 3000 Da by the detection of at least DP20, as the doubly charged disodiated molecule. A series of
galacturonic acid oligomers could be detected up to DP4 at a concentration of }g/mL (67 ng per com-
pound), using a sodium acetate gradient increasing to a total sodium concentration of OM. © 1998 John
Wiley & Sons, Ltd.
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Simpsonet al* used an anion micromembrane suppressor of polymerization (DP) of 14 for mixtures af-1,4-glucose
(AMMS) to exchange sodium ions hydronium ions by oligomers could be detected as sodiated and doubly charged
means of dialysis, prior to introducing the effluent into the disodiated molecules. Sodium acetate gradients up to a total
MS. High-performance anion-exchange chromatography concentration of 0.4 of sodium ions could be desalted
(HPAEC/MS) was first described by Conbey al.,? who with two AMMS suppressors in series down to sodium
used an ion spray interface for the determination of concentrations below 1w which makes on-line mass
guaternary ammonium compounds. HPAEC is a very spectrometric detection possible. However, the method is
powerful technique for the analysis of underivatized hampered by the overall sensitivity and high background
oligosaccharides using pulsed amperometric detectionsignal due to sodium acetate clusters ions to masses above
(PAD),? down to 10 pmol as minimum detectable amounts. 1000 Da. Another disadvantage of using the AMMS
Commonly the AMMS is used prior to fraction collection together with a TSP interface is the need for a booster
for purification of oligosaccharide mixtures, before further pump between these two devices, to prevent damage of the
characterization and identification using other analytical AMMS from the high pressure built up by the TSP prote.
techniques including mass spectrometry. Off-line analysis similar design with an ion spray interface in conjunction
has been reported by fast atom bombardment (BAB) with a booster pump was described by Conboy and Hehion.
which still is a powerful technique in structure elucidaton.  Although damage of the AMMS is prevented in this way,
The analysis of higher oligosaccharides has been reportedunavoidable peak broadening is observed which reduces
with matrix-assisted laser desorptfohup to a mass range  both the sensitivity and the chromatographic resolution.
of 100 000 Da. The on-line coupling of HPAEC with mass = The method of cationization can be used for rapid
spectrometry using thermospray (TSP) ionization was first screening of oligosaccharide mixtures from different
described by Niessest al® Oligosaccharides up to a degree  sources. Tinkeet all® described the characterization of
oligosaccharides, obtained by enzymatic degradation of
*Correspondence to: U. R. Tjaden, Division of Analytical Chemistry, plant cell wall polysaccharides, using electrospray ioniza-
Ié?;)?%g/(?Zr?Z%a(;gag]Acl:_%?éirnf,o{'Eéul\?e$t$§ﬁ:;gg'. Leiden University, P.O. tion (ESI). Recently Tortet al.* described the coupling of
1 On leave from: Department of Chemistry, University of Botswana, @ Mmicrodialysis system with HPAEC/MS for the character-
P/Bag 0022, Gaborone, Botswana. ization of oligosaccharides in bioprocesses.
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Figure 1. Schematic diagram of the experimental arrangement.
A =pump module; B=injection valve with 6.3uL loop;
C=250mmx 2mm id. CarboPac PAl column; D=PAD;
E=MMD; G=IS probe.(The missingcomponent~ wasthe booster
pumprequiredfor thermosprayoperation).

The aim of this studywasto extend the possbilities with
respect to sensitivity and robustnes of couping HPAEC
with MS. Using an ion sprg interfacethe ion sourceis
prevented from intensecontanination, due to the fact that
theionization processakesplace atatmosmericcondtions,
thisreducingtheinvolatile sodum acetatecluserionsfrom
enteing the ion soure via the heatedsanpling capillary.
Moreover,thebooser pumpcanbeomittedfrom thesystem
becawse the back pressurebuilt up by the ion sprayprobe
remahs within the operaton range of the suppresso To
broaden the applicabiliy of the methoda differentkind of
membane suppressg a membane desaling device
(MDD), is usedinsteadof the earlier descibed AMMS.
The high capacitycontinuais desaling of sodiumcontin-
ing effluents by the MDD, acconplishedby a combinaion
of water electolysis or electrolysis in combination with
pneunaticdly supplied sulphuric acid, enablesthe use of
gradiens up to a total sodum concentrationof 0.6 M.

The developedsystemwas evauated with respect to
sensilvity by a seriesof oligomersof a-1,4-glucosedown
to 20ng per compounddeteced by sinde ion monitaring.
The applicalle mas rangewas investigatedwith several
maltodextrhe samples Furthermoe, the robugnessof the
total systemwith respectto thetotal sodiumloadability was
teded with a series of unsaturged galactironic acid
oligomers.

EXPERIME NTAL

The HPAECMS systemconsistedof a Dionex (Sunny\ale,
CA, USA) DX-300 chromabgraphy microbore system
coupkd to a Finnigan MAT (SanJose,CA, USA) TSQ-
700 mas spectraneter equipped with a custom made
electrosprayinterface®® which was operatingin the ion
spray (IS) mode The experimenal arrangemenis depicted
in Fig. 1.

The Dionex DX-300 chromabgraphysystemconsistef
an EDM-2 solventdegasunit, an AGP-1 pump modue, an
LCM-3 chromabgraphy module, coniaining a Rheodyne
(Cotdi, CA, USA) modd 9126 all poly etheretherketone
(PEKK) injector with a 6.3uL loop, and a pulsed
amperometrc detecor (PAD) with a gold electode. A
membane desaling device, introduced by Dionex as
carlohydrate membane desalter, which is a cation-
exchange micromembranesystemto remowe the sodium
ions from the effluent streamprior to introduction into the
MS, wasconneted after the chromabgraghic column.The
regenerating solvent for the MDD was water, and the
exchange of Nat for H;O" was accompishedby electro-
lysis of water by meansof a Dionex SRS contoller at
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500mA. The waterreservoirwaspressurizd by 50 kPaof
heliumresultingin awaterflow rateof 2 mL/min when the
currentof the Dionex SRScontroler wason.

A 250mm x 2mm ID Dionex CarboPa PA1 column
was used at a flow-rate of 0.2mL/min. Linear gradient
elution was performed using (A) water, (B) 0.5M sodum
hydroxide (C) 0.625m sodium acetate. The flow rate
throughthe columnwas0.2mL/min.

Due to the negigible back presurein the elecrospray
interface the outletof theMDD could becouplkeddirecty to
the MS. For optimal performane and electical contact a
liquid sheattflow rateof 10 uL/min, consistingof amixture
of isopropaol andwatercontining10 % M sodum acetate
(80/20,v/v), togetherwith nitrogen asa sheah gasataflow
rate of 6 L/min, were used.In orderto preventelectical
breakdow by means of superflous solvens the atmo-
sphericpressureregionis pumpedby a Leybold 12 m%hr
rotary pump. Pumpingis performedwith a leaking sysem
keepingthe pressurein theinterfaceat 1 bar. Theion source
itselfis pumpedby anEdwards28 m*/hr rotarypump In the
pipelineto this pumpa ball-valveis installed to reduc the
pumping capacityin the ion source,thus keepingthe ion
source pressureat 400 Pa. The mass spectraneter was
optimized with resgect to the tempeatureof the sampling
capillary, which appearedo be 200°C, andoptimal repdler
voltage,which appeaed to be massdepenént and varies
between50and100V in postive ionizaion modefor DP2
and DP7, respedt/ely. The mas spectrawere acquied in
both positive and negative ionization modes, either by
scanningfrom m/z200to 1500in 3 s, or in selectiveion
monitoring (SIM) mode

Chemicals

Isopropawol, sulphuric acid and sodum hydroxide were
purchasedrom Baker (Deventer Netherlands). Waterwas
purified with a Mill i-Q apparatis (Milli pore,Bedford, MA,
USA). Sodium acetae was obtaina from Merck (Darm-
stadt,Germany).The maltodextrire MD-20wassuppled by
Roquette(Lill e, France) Thea-1,4-glucoseoligomerswere
obtained from Boehringer Mannteim (Mannheim Ger-
many). The mixture of unsatirated galacturonic acid
oligomerswaspreparedy degradimg polygalacturon¢ acid
with endopetatelyasefrom PseudomoraGK5 3

RESULTS

lon spray

In the caseof TSP,evapoationaswell asion focusingtakes
placewithin the TSPion soure. Dueto theresidué sodum
ions after evapoation andto the preenceof anincreasng
concentation of acett acid during sodium acetategradi-
ents,clusterionswill beformed Theywill be stahlized in
thelow pressureegionin theion sourcejntroduwcingin this
way a high chemicalbackground.This hampersfull scan
massspectroméic detecton, which influencesthe sensi-
tivity unfavourally dueto spaceehargeeffects.

Howeve, usingelectospray(ESI) or ion spray(lS), the
ionization takes place in atmosgeric conditions. The
involatile sodum acetatecluste ions probaly will be
formed, but will be disciated and/or neutralizedbefore
enteringthe heatedsamplingcapillary.

Although not performed by Conboy and Henion?
HPAEC coupkdwith IS is well suitedfor a designwithout
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a boosterpump andthe outlet of the MDD canbe couplked
directy to the MS dueto the negigible backpressuren the
IS probe In this way the loss of sensiivity causedby
diffusion in the total chromatograplic sysemis limited to
the MDD alore. Dueto the high backgroundf cluste ions
using TSP this methodhasa limited capacity,capalbe of
only confirming molecdar massesn SIM. The absewe of
cluste ionsin 1S makesthis ionization technique suitabke
for full scanmassspectranetric detection.

Anion-excharge membrane suppressor

The incompdibility of anion-exchangechromatograply
with mas spectranetry canbe overcone partly by usingan
anion micromembane suppessor.With 0.15m sulphuric
acid asregenerting solventand a flow rate of 10-15mL/
min, sodum ions could be displacedby hydroniumionsto
an extent sufficient for applicaton up to a total sodium
concentration of 0.4M. This means that, with a base
concatration of 0.1M sodium hydroxde, sodium acetag
gradiens upto 0.3M could beused However,whenusinga
CarboPa PA-1 column,oligomersof e.g.galecturonicacid
andarabane®lute at highersodiumacetateconcentrations
staring at DP 3 and6.

To extendtheapplicability of HPAEC/MSto evenhigher
total sodium concentrations a recently developedanion
membane suppessor or so-called membane desaling
device* was used.With respectto the AMMS the MDD
differs by the designof the compartnent, the connetion of
the electrodesand the polymer used as membane. The
MDD exchangesodiumions for hydrorium ions from the
effluent streamby meansof electolysisor acombindion of
electolysis and pneumaitally supplied sulphuric acid at a
flow rate of 1-2mL/min. The sysem wastestedwith both
settings, using an a-1,4glucose mixture up to DP7.
Sulphuic acidis known to passthe membane,thus partly

% 190 miz 365
56

enteing the effluent chamberresultingin a pH below 2. In
this way negatiwe ionizaion can be promotd by forming
deprdonaed molecudes, [M-H]~, togethe with seveal
clugerionswith acetc acid aswell aswith sulphurt acid,
such as [M+OAc]~, and [M+HSQ,]". Howeve, sigral
intensties are thus distributed over more then one m/z
value,'® which makes it less attractive to perform SIM
expeiments.Anotherdrawbac of passagef sulpturic acid
throughthe membaneis suppressiownf the caionization of
the oligosacharices, in this way decreasinghe sensitivity
in positiveionization mode

Compaison betwee postive and negaive ionization,
using the combinationof electrolysis and pneumaically
suppled sulphuric acid, showed that almost the same
performance was obtained in the two modes when
conmparing sodiatel molecues [M+Na]" with sulphuric
acid cluger ions [M+HSQ,] ", which appeaed to be the
mog abundat ion using negative ionization. Full scan
expeimentsin negativeionization showedalsothepresence
of [M-H]~, [M+H,SO+HSQ)]~ and [M+2H,SO;+
NaSQj]~, which wasanticipatedfrom earlier expeiments.

However,useof theMDD only performing electrolysisof
water (no sulphuric acid) showedanincrea® of pH to 3—4,
togeher with an increasein sigral in positive ionization
mode by a factor of 10. Using negative ionization the
sensiivity was not influenced drastically but the ions
obseved were change from cluste ions with sulphuric
acid to acetc acid. It was decidedto perform further
expeimentswith the MDD in the elecrolysismode,paying
mog attenton to positive ionization.

HPAEC/MS

The expeimentalarrangemendepictedin Fig. 1 shows the
PAD in-line with the MDD andthe IS probe.Howeve, the
PAD usedappeas to havea deadvolume of about130pL,
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Figure 2. HPAEC/MSof a-1,4-glucoseligomerseach3 pg/mL, upto DP7.TheionsindicatedaresodiatednoleculesThelineargradientstartedat
0.1m sodiumhydroxide,up to 0.325m sodiumacetatet 0.1M sodiumhydroxidein 25min.

© 1998JohnWiley & Sons,Ltd.

Rapid Communiationsin MassSpectromey, Vol. 12, 69-74(1998)



72 OLIGOSACCHARIDE ANALYSIS BY ANION-EXCHANGE LC WITH ION SPRAY

M+2Nal**
% 180 miz 923.3 [ ] DP11 s';iz;:;
86 |
504 ;
40
260 Y
% 1e8{ m/z 1004.3 DP12 KE;?:
8e
60
4
289 JWAW-l
=
% 1234 m/z 1085.3 DP13 o204
60
e («.f"/
281 R
404
viool iz 1166.4 DP14 o es
60
40
2
i o]
*S+84
X 13 miz 1247.5 DP15 [2. 509
6
40 ‘
20 ”
L N —— i ,Mml,
5:00 18:00 15:00 20:06 Time (min) 38:48
*E+04
% 1gg miz 1328.4 DP16 [1.474
684
40
28
*E+94
¥ 133 mi/z 1409.4 DP17 M.325
60
40
20
*E+03
% 122{ miz 1490.4 DP18 [5.529
604
40
20
24
% 1:& m/z 1571.5 DP19 'T.E;n
s
48
264
*E+03
% 13: m/z 1652.5 DP20 ’-6.839
60
49
20
s...‘S,Br1.‘,ar...1..,.,..,,,Y..,,
100 19:00 15: 0@ 20:88 Time (min) 30:00

Figure 3. HPAEC/MSof maltodextringMD-20), 1 mg/mL. Theionsindicatedaredoubly chargeddisodiatednoleculesThelineargradientstarted
at0.1m sodiumhydroxide,up to 0.325m sodiumacetate+ 0.1M sodiumacetatan 25min, andthenkeptconstantor 10 min.

leading to extra peak broackningin the chromabgraphic
sysem using a flow rate of 0.2mL/min. The MDD used
appeaed to be a 4 mm verdon, designedo be well suited
for flow ratesof 0.5-1.0mL/min. Howeve, using a flow
rateof 0.2mL/min thedeadvolumeof 70 uL mustbetaken
into account.

It was decidedto omit the PAD from the systemfor
sensiivity improvement.Usingthis configuraton thedetec-
tion of aseriesof a-1,4-glucoseoligomerseach3 pg/mL, is
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shown in Fig. 2, performng SIM experimens on the
sodiatedmolecues. The gradientusedwas linear, staring
from 0.1m sodum hydroxide up to 50% 0.625mM sodum
acetate in 25min, resudting in a maxmum sodium
concentation of 0.425M. Sensitivty improvements,with
respectto earlier publishel work, are at leastone order of
magnitude.

Up to DP8thex-1,4-glucosenligomerscanbedetecedas
their sodiatedmolecues (M + 23), whereasaboveDP8the

© 1998JohnWiley & Sons,Ltd.
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Figure 4. HPAEC/MSof unsaturategalacturonicacid oligomers,eachl10 pg/mL, upto DP4.TheionsindicatedaresodiatednoleculesThelinear
gradientstartedat 0.1m sodiumhydroxide,up to 0.5M sodiumacetatet 0.1m sodiumhydroxidein 30 min, andthenkept constantfor 30 min.

mog dominarn ions are the doubly chaged disadiated
molecdes at m/z= (M, + 46)/2. To show the applicable
massrangethe detecton of DP11to 20 is shown in Fig. 3,
using different SIM procedurs monitoring only the doubly
chaged disodiged molecues of a maltodextine sample
(MD-20) at a total concentration level of 2mg/mL. The
gradient used was linear, stating from 0.1m sodum
hydroxde, up to 50% solventC in 25 min, and maintaned
constanfor 10 min. Althoughthetotal concentrationof the
MD-20is highit shouldbenotedthatthe contibution of the
highe oligomers is minor. (The definition of MD is the
amaunt of redudéng sugargper 100gramsanple, times100
perent. This meansthat maltose for exampk, can be
chamcterizel asMD-50.)

The combination of the high capacity continuais
desaling of sodium-cordining effluents by the MDD by
electrolysis of water, with IS as ionization techniqe,
expaned the range of sodium gradiens which could be
usedup to a level of 0.6M total sodiumconcentration. No
blockageof theinterfacehasbeenobservedisingsuchhigh
sodum concertrations.The samplingcapillary waswashed
thorowghly with a mixture of watermethanoldaily, before
staring theexperimens. Althoughthe sanpling capillary of
the ESlinterfaceturnedblad duringtheday,no severdoss
of sensitivity hasbeenobserved.

Oligomersof galacturont acidanalysedvith a CarboPa
PA1 column eluteat sodum acettegradiens above0.3Mm.
Although with anotherstatiorary phaseseparatioa canbe
performed at lower sodium acetategradiens, a CarboPa
PA1 column wasusedto demonstrat the appication using
a sodum gradient up to a total sodium concentration of
0.6M. In Fig. 4 the SIM detectionof a seriesof unsatirated
galactironicacidsat a concentrationof 10 ug/mL is shown.
The gradientusedwas linear, startingfrom 0.1M sodium
hydroxde, increasingto 80% solventC in 30 min, andkept
constantfor 30 min. This meansthat a maximum load of

© 1998JohnWiley & Sons,Ltd.

0.6M sodiumis fed into the MDD for half anhour. Dueto

the almosttotal removal of the sodium ionsin the MDD no

deceasein signalfor the sodiatel molecues wasobserved
for the linear rangeup to DP4. Although acidic oligosac-
chaidesareexpededto exhibit goodsensitivityin negaive

ionization, this mode proved to be less reliable for the
oligomerstestedhere. Only DP2 gave a better sigral-to-

noise ratio in negatiwe ionizationmode

CONCLUSIONS

The combinaton of on-line couping HPAEC with ion spray
MS hasimproved boththe sensitvity androbugnessof the
analsis of neutal and acidic oligosacharices. On-line
desaling is performed by a recently developedcaion-
exchangemicromembrnesystemaMDD, operatingin the
water electrolysis mode and thus avoiding the leakageof
sulphuric acidto theeffluent chanber,which appearedo be
disadvantageas for mas spectrom#ic sensitivity. Using
electrolysis alone, efficient exchange of sodum ions for
hydronium ions can be obtaned up to a total sodium
concentrationof 0.6 M, without affectingthe massspecto-
metric sensitivty. Usingion sprayasionization technique,
which introducesnegigible back presure,a booser pump
(required for thermospay operation)could be eliminated
from the sysem.

Sensitivities comparableto those for a PAD could be
obtaned for both neutal and acidic oligosaccharics, e.g.
detection limits of 20ng for eachcomponentof a «-1,4-
glucoseoligomer mixture up to DP7.
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