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a b s t r a c t

Reverse-phase ion-pair high performance liquid chromatography (RPIP-HPLC) and ultra-performance
liquid chromatography (RPIP-UPLC) are increasingly popular chromatographic techniques for the sepa-
ration of organic compounds. However, the fine details of the RPIP separation mechanism are still being
debated. Many factors including type and concentration of the ion-pairing reagent, mobile phase pH,
organic modifier, ionic strength, and stationary phase all play a role in the overall efficiency and opti-
mization of ion-pairing separations. This study investigates the role that competition between ion-pairing
reagents with different steric bulk and hydrophobicity plays in the separation of structural isomers of
heparin and heparan sulfate (HS) disaccharides. In addition to providing insights into the mechanism by
LC–MS
Ultra-performance liquid chromatography

which RPIP-HPLC can resolve closely related disaccharides, the use of competition between ion-pairing
agents could lead to new methods for the separation of larger heparin and HS oligosaccharides. This
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. Introduction

Reverse-phase ion-pair high pressure liquid chromatography
RPIP-HPLC) and ultra-performance liquid chromatography (RPIP-
PLC) are promising and increasingly popular methods for the

eparation of organic and inorganic ionic solutes using lipophilic
ons, referred to as ion-pairing reagents (IPR), as mobile phase mod-
fiers to aid in the retention and resolution of these species on a
ydrophobic stationary phase [1–3]. The mechanism of retention

n RPIP-HPLC is however a matter of some debate. In the classical
odel of retention in RPIP-HPLC, the hydrophobic IPR and the ana-

yte ion of opposite charge combine in the mobile phase to form
neutral species which then partitions into the hydrophobic sta-

ionary phase [4–6]. The dynamic ion-exchange model, however,
uggests that the IPR is first adsorbed onto the surface of the station-
ry phase creating charge sites which then act as ion exchange sites
or the oppositely charged analyte [7–9]. The presence of evidence
or both theories suggest that RPIP separations occur through a
ombination of both mechanisms and that the extent to which each
ontributes to analyte retention may be controlled by experimental

onditions [2,10].

To provide further insights into the separation mechanism of
PIP-HPLC, a set of test compounds are needed that provide a diver-
ity of charges as well as subtle structural variations relative to the
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able to the analysis of other compound classes, and could lead to a general
hic resolution of mixtures of charged analytes having similar structures.

© 2009 Elsevier B.V. All rights reserved.

position of these charges, for example through positional isomers.
Such a class of compounds would allow the evaluation of subtle
changes in resolution and retention times as a result of varying
experimental conditions, e.g., the type and concentration of IPR,
mobile phase composition and pH. Through careful observations of
the effect of separation conditions on the chromatographic resolu-
tion of a class of compounds having regular differences in charge
and structure, the mechanistic details of RPIP-HPLC can be better
inferred. The heparin and heparan sulfate disaccharides presented
in Table 1 are an ideal set of test compounds for this purpose. As
a group, they are a family of congeners with a range of molecu-
lar charge states as well as several isomeric (as well as anomeric)
species that have previously been demonstrated to be resolvable
through RPIP-HPLC and UPLC methods [11,12].

Heparin and heparan sulfate (HS) are highly charged anionic
polysaccharides that are members of the glycosaminoglycan (GAG)
family, which also includes chondroitin sulfate, dermatan sul-
fate, hyaluronic acid and keratan sulfate. Both heparin and HS are
biosynthesized as proteogyclans and can be found stored either
in the secretory granules of mast cells, as with heparin, or on the
surface of most mammalian cells, like HS [13]. The polysaccharide
chains of heparin and HS are highly sulfonated and polydisperse
with molecular weights ranging from 5 to 70 kDa. They consist

of repeating disaccharide units of uronic acid (1 → 4) linked to d-
glucosamine. The uronic acid can either be �-l-iduronic acid (IdoA)
or �-d-glucuronic acid (GlcA), which may be 2-O-sulfonated. The
d-glucosamine (GlcN) can be N-acetylated, N-sulfonated or espe-
cially in the case of HS, present as unmodified GlcN. In addition,

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:clarive@ucr.edu
dx.doi.org/10.1016/j.chroma.2009.11.064
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Table 1
Names, structures and charge states at pH 7 of the family of heparin disaccharides
studied.

Disaccharide R1 R2 Y

IS SO3
− SO3

− SO3
−

IIS H SO3
− SO3

−

IIIS SO3
− H SO3

−

IVS H H SO3
−

IA SO3
− SO3

− Ac
IIA H SO3− Ac
IIIA SO3

− H Ac
IVA H H Ac
IH SO3

− SO3
− H

−
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(purity ≥99.5%) was also purchased from Sigma. Butylamine (MBA)
IIH SO3 H H
IIIH H SO3

− H
IVH H H H

-sulfonation of GlcN is common at the C-6 position, and less so at
he C-3 position [13–16].

Heparin is best known for its anticoagulant activity produced by
inding through a specific pentasaccharide sequence to antithrom-
in III, and is commonly prescribed in a low molecular weight form
s a treatment for thrombosis [17,18]. Heparin and HS are also
xciting pharmaceutical targets due to their involvement in many
iological processes including angiogenesis, generation of neural
issue, cell adhesion and differentiation, tumor metastasis, inflam-

ation, and viral/vector-borne infection such as that involved with
erpes simplex virus type 1 and malaria [16,19]. This wide range of
iological functions is made possible by the great structural diver-
ity of heparin and HS described above. It is this same structural
iversity, however, that complicates the characterization of these

mportant GAGs.
Many of the methods used for the structure elucidation of

eparin and HS utilize a bottom up approach, whereby the
arger oligosaccharide chains are first chemically or enzymatically
egraded to smaller oligosaccharides prior to analysis. Most com-
only an enzymatic digestion is performed using a cocktail of the

nzymes Heparinase I, II, and III, extracted from Flavobacterium
eparinium, to selectively cleave the glucosamine-(1,4)-uronic acid
lycosidic bonds [20]. This enzymatic cleavage produces a dou-
le bond at the non-reducing end of each cleaved chain resulting

n a UV chromophore that absorbs at 232 nm, greatly facilitat-
ng detection without disturbing the sulfonate substituents of
he oligosaccharides [21]. Upon exhaustive enzymatic digestion,
eparin and HS can be essentially completely reduced to their dis-
ccharide building blocks allowing for full compositional analysis.

Although several studies have shown that direct quantitative
nalysis of mixtures of heparin and HS disaccharides is possible
sing mass spectrometric (MS) analysis [22–25], most studies uti-

ize a separation to resolve the individual disaccharide components
rior to detection [26]. Capillary electrophoresis (CE) is a useful and

ncreasingly employed method for the separation of many types of
arbohydrates [27–29]. It is especially appropriate for the separa-
ion of heparin and HS oligosaccharides due to their high negative
harge and has been demonstrated for various sized oligosaccha-

ides in both normal and reversed polarity modes [30–33]. This
ncludes a CE method specifically devised for the determination of
herapeutically important low molecular weight heparin samples
34]. However, the poor day-to-day reproducibility of migration
A 1217 (2010) 479–488

times limits the regular use of CE due to the need to perform fre-
quent calibrations with disaccharide standards [35].

Alternatively, high performance liquid chromatography (HPLC)
can offer a more robust chromatographic separation of heparin and
HS oligosaccharides. Strong anion exchange HPLC (SAX-HPLC) is
often used for the separation of GAG oligosaccharides (including
disaccharides) [32,36–38]. While capable of complete separation
of heparin components, including isomers, of di- as well as larger
oligosaccharides, SAX-HPLC is difficult to interface with MS detec-
tion due to the high ionic strength mobile phases used. Other
studies have shown that hydrophilic interaction liquid chromatog-
raphy (HILIC) can also be useful in the separation of heparin and HS
oligosaccharides as well as similar GAGs [39,40]. However, the sep-
arations reported thus far are unable to achieve adequate resolution
of isomeric disaccharides. The use of graphitized carbon columns
for LC separation of heparin disaccharides has also been reported
[41], and while isomer separation is possible with this approach,
the technique offers poor resolution between the N-acetylated and
N-sulfonated disaccharides hindering quantitative analysis.

As mentioned previously RPIP-HPLC is a promising and increas-
ingly popular method for the separation of heparin and HS
oligosaccharides. Studies have shown much success in using this
method for the separation of many types of heparin oligosaccha-
rides [42,43], including some of the earliest work in this area which
utilized RPIP-HPLC for determining the disaccharide composition
of heparin and HS [11]. Several studies have also demonstrated
the amenability of RPIP-HPLC to on-line MS detection thus greatly
improving the sensitivity and amount of structural information that
can be accomplished [43–47].

Smaller sized column packing materials can be used to achieve
higher resolution in a shorter amount of time, and the rapid and
sensitive analysis of heparin disaccharides can be accomplished
using RPIP-HPLC with smaller packing material (e.g., 2 �m) [48].
The introduction and commercial availability of ultra-performance
liquid chromatography (UPLC) utilizing 1.7 �m particles and a pro-
prietary mobile phase pump that can withstand pressures up to
108 Pa has been demonstrated to provide shorter separation times
with improved resolution [49–51]. Recently, it has been shown that
full resolution of heparin disaccharides, including isomers, can be
achieved through RPIP-UPLC with minimal sample preparation and
short equilibration times before and between runs compared to
previous studies using HPLC [12]. Because of the potential of RPIP-
UPLC for the separation of heparin disaccharides, as well as other
classes of closely related charged compounds, this work explores
the mechanism of RPIP chromatography through the use of RPIP-
UPLC. The ability of this method to resolve heparin disaccharides
based on differences in charge and subtle variations in compound
structure makes it a useful probe of the mechanism of RPIP separa-
tions. This investigation also specifically addresses the interactions
between the IPR tributylamine (TrBA) and heparin as well as the
potential role that competition between TrBA and other IPRs plays
in the resolution of isomeric disaccharides.

2. Experimental

2.1. Materials and reagents

All heparin disaccharide standards were purchased from the
Sigma Chemical Company (St. Louis, MO). Table 1 shows the
structures, names, and net charge states at pH 7 of the commer-
cially available disaccharides studied. The ion paring reagent TrBA
(99.5%) and ammonium acetate were purchased from Fisher Scien-
tific (Pittsburgh, PA). Acetonitrile (optima grade) and water (HPLC
grade) were purchased from Sigma and Honeywell Burdick & Jack-
son, respectively.
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Table 2
Retention factor, width at half height and peak area for the RPIP-UPLC separation of the 11 commercially available disaccharides with IPR concentration of 2.5 mM TrBA.

Disaccharide [TrBA] Retention factor W1/2 (min) Peak area

IVH 2.5 mM 0.36 ± 0.02 0.076 ± 0.001 1932 ± 33
IVA 2.5 mM 5.85 ± 0.01 0.068 ± 0.002 594 ± 11
IVA anomer 2.5 mM 6.13 ± 0.03 0.078 ± 0.002 N/A
IIH 2.5 mM 5.74 ± 0.03 0.085 ± 0.001 2028 ± 16
IIH anomer 2.5 mM 6.67 ± 0.00 0.091 ± 0.004 988 ± 46
IIIH 2.5 mM 6.66 ± 0.00 0.071 ± 0.002 1407 ± 70
IIIH anomer 2.5 mM 7.52 ± 0.01 0.068 ± 0.001 784 ± 17
IIA 2.5 mM 13.18 ± 0.00 0.120 ± 0.001 4164 ± 20
IIIA 2.5 mM 14.00 ± 0.02 0.117 ± 0.006 3459 ± 14
IH 2.5 mM 14.93 ± 0.00 0.109 ± 0.003 2949 ± 54
IH anomer 2.5 mM 16.08 ± 0.03 0.093 ± 0.002 1764 ± 26
IIS 2.5 mM 17.67 ± 0.00 0.137 ± 0.001 4371 ± 43
IIIS 2.5 mM 18.70 ± 0.02 0.160 ± 0.011 5428 ± 36
IA 2.5 mM 17.98 ± 0.00 0.143 ± 0.001 6071 ± 54
IS 2.5 mM 19.93 ± 0.00 0.253 ± 0.003 10374 ± 36

Table 3
Retention factor, width at half height and peak area for the RPIP-UPLC separation of the 11 commercially available disaccharides with IPR concentration of 5 mM TrBA.

Disaccharide [TrBA] Retention factor W1/2 (min) Peak area

IVH 5 mM 0.37 ± 0.00 0.072 ± 0.002 1666 ± 37
IVA 5 mM 5.05 ± 0.00 0.075 ± 0.003 420 ± 20
IVA anomer 5 mM 5.40 ± 0.03 0.085 ± 0.001 N/A
IIH 5 mM 5.16 ± 0.00 0.088 ± 0.001 1498 ± 24
IIH anomer 5 mM 6.24 ± 0.03 0.093 ± 0.002 669 ± 37
IIIH 5 mM 6.53 ± 0.01 0.080 ± 0.002 999 ± 3
IIIH anomer 5 mM 7.45 ± 0.01 0.075 ± 0.003 624 ± 11
IIA 5 mM 13.00 ± 0.02 0.101 ± 0.001 3066 ± 38
IIIA 5 mM 13.90 ± 0.02 0.102 ± 0.001 2536 ± 19
IH 5 mM 15.06 ± 0.03 0.091 ± 0.001 1921 ± 22
IH anomer 5 mM 16.29 ± 0.02 0.079 ± 0.002 1147 ± 2

0.01
0.03
0.00
0.01
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IIS 5 mM 17.91 ±
IIIS 5 mM 18.94 ±
IA 5 mM 18.28 ±
IS 5 mM 20.38 ±

.2. UPLC separation

All chromatographic separations were performed on a
.1 mm × 100 mm AcquityTM UPLC BEH C18 column with 1.7 �m
articles (Waters Corporation, MA). A guard column packed with
he same 1.7 �m C18 particles was utilized prior to the analyt-
cal column. The column temperature was maintained at 40 ◦C
hroughout the separation, and a flow rate of 0.5 mL/min was used.

sample volume of 10 �L of a 0.2 mM disaccharide mixture pre-

ared in water was injected for each separation. A binary solvent
ystem was used for gradient elution. Solvent A consisted of 5%
cetonitrile in water while solvent B consisted of 80% acetonitrile
n water. Both solvents contained the same IPR concentrations
nd were adjusted using pH meter readings to an apparent pH

able 4
etention factor, width at half height and peak area for the RPIP-UPLC separation of the 1

Disaccharide [TrBA] Retention fact

IVH 10 mM 0.37 ± 0.00
IVA 10 mM 3.88 ± 0.01
IVA anomer 10 mM 4.20 ± 0.01
IIH 10 mM 4.20 ± 0.01
IIH anomer 10 mM 5.26 ± 0.00
IIIH 10 mM 5.77 ± 0.00
IIIH anomer 10 mM 6.61 ± 0.03
IIA 10 mM 12.49 ± 0.02
IIIA 10 mM 12.78 ± 0.01
IH 10 mM 13.95 ± 0.01
IH anomer 10 mM 15.13 ± 0.03
IIS 10 mM 17.74 ± 0.00
IIIS 10 mM 17.87 ± 0.01
IA 10 mM 18.23 ± 0.00
IS 10 mM 20.40 ± 0.00
0.133 ± 0.003 3267 ± 42
0.128 ± 0.001 3783 ± 20
0.119 ± 0.006 4253 ± 38
0.201 ± 0.008 7265 ± 143

between pH 6.9 and 7.0 using acetic acid. This yielded an acetate
concentration for the 20, 10, 5.0, and 2.5 mM TrBA solutions of 20.0,
9.4, 4.7, and 2.4 mM, respectively. Chromatographic separations
using 20 mM TrBA and 2.5 mM ammonium acetate contained an
acetate concentration of 22.2 mM.

The pH meter was calibrated using a three-point calibra-
tion with pH 4.00 (0.05 M potassium biphthalate buffer), pH
7.00 (0.05 M potassium phosphate monobasic-sodium hydroxide
buffer), and pH 12.00 (NaOH, KCl buffer) buffers. The pH 4.00

and pH 7.00 buffers were purchased from Fisher Scientific (Pitts-
burgh, PA) while the pH 12.00 buffer was purchased from Ricca
Chemical Company (Arlington, TX). For separations studying the
effects of varying TrBA concentrations, the ion-pair composition
of both solvents consisted of 2.5–20 mM TrBA with no other IPR.

1 commercially available disaccharides with IPR concentration of 10 mM TrBA.

or W1/2 (min) Peak area

0.069 ± 0.002 532 ± 7
0.077 ± 0.004 216 ± 3
0.081 ± 0.004 N/A
0.074 ± 0.002 444 ± 17
0.063 ± 0.005 227 ± 3
0.085 ± 0.004 538 ± 40
0.082 ± 0.004 290 ± 28
0.081 ± 0.001 1166 ± 22
0.097 ± 0.002 1203 ± 57
0.071 ± 0.001 666 ± 8
0.083 ± 0.002 491 ± 4
0.095 ± 0.001 1211 ± 5
0.109 ± 0.004 1298 ± 29
0.094 ± 0.002 1425 ± 6
0.123 ± 0.004 1760 ± 25
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Table 5
Retention factor, width at half height and peak area for the RPIP-UPLC separation of the 11 commercially available disaccharides with IPR concentration of 20 mM TrBA.

Disaccharide [TrBA] Retention factor W1/2 (min) Peak area

IVH 20 mM 0.44 ± 0.04 0.069 ± 0.002 861 ± 77
IVA 20 mM 3.07 ± 0.00 0.066 ± 0.002 272 ± 14
IVA anomer 20 mM N/A N/A N/A
IIH 20 mM 3.33 ± 0.00 0.068 ± 0.002 945 ± 17
IIH anomer 20 mM 4.15 ± 0.01 0.088 ± 0.003 450 ± 24
IIIH 20 mM 5.20 ± 0.01 0.103 ± 0.007 534 ± 11
IIIH anomer 20 mM 5.96 ± 0.01 0.099 ± 0.005 520 ± 17
IIA 20 mM 11.95 ± 0.01 0.082 ± 0.001 1319 ± 64
IIIA 20 mM 12.40 ± 0.02 0.100 ± 0.008 1436 ± 43
IH 20 mM 13.71 ± 0.01 0.071 ± 0.002 601 ± 22
IH anomer 20 mM 14.75 ± 0.01 0.071 ± 0.002 622 ± 9
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IIS 20 mM 17.73 ±
IIIS 20 mM 18.00 ±
IA 20 mM 18.47 ±
IS 20 mM 20.95 ±

or the separations studying the effects of varying MBA concen-
ration both solvents contained 10, 15, and 20 mM MBA while the
rBA concentration was maintained at 2.5 mM. The buffers for the

BA experiments contained acetate concentrations of 11.1, 16.7

nd 22.2 mM, respectively. Retention factors were calculated for
ables 2–5 by subtracting the retention time of the void from the
etention time of the analyte peak and then dividing this value by
he retention time of the void.

ig. 1. (a) The effect of increasing TrBA concentration on chromatographic resolution
llustration of the gradient profile showing the change in percentage of mobile phase
mpurities.
0.094 ± 0.002 2321 ± 18
0.113 ± 0.004 2665 ± 52
0.089 ± 0.003 1914 ± 40
0.117 ± 0.005 3353 ± 42

The gradient profile, shown graphically in Fig. 1b, consisted of
a 1 min isocratic step of 100% solvent A after which the fraction of
solvent B was increased to 3% over the next 1.5 min. The fraction

of solvent B was then increased to 25% over the next 2.5 min and
maintained at 25% for 1 min before it was increased to 35% over
a 1 min period. The fraction of solvent B was then increased over
the next 4 min to 100%. A 5 min equilibration was utilized prior
to the next injection. Isocratic experiments to probe the effect of

and retention of the commercially available heparin-derived disaccharides. (b)
buffer solution B as a function of time. The peaks marked with an asterisk are



C.J. Jones et al. / J. Chromatogr.

F
i
5

v
fi

2

q
t
4
t
v
t
i

3

a
R
5
a
d
w
c
a
u
t
i
o
a
M
o
s
t
a
o
t
h

e
i
h
u

ig. 2. Graph of ionization intensity of the IS disaccharide as a function of increas-
ng ammonium concentration while maintaining a constant TrBA concentration of
mM. Experiment was performed by direct infusion into the MS.

arying TrBA and acetate concentrations were performed with a
xed mobile phase composition of 30% solvent B.

.3. Mass spectrometry

Total ion chromatograms were obtained using a Waters ESI
uadrupole time-of-flight mass spectrometer (Waters Corpora-
ion, Milford, MA). Data acquisition was performed using Masslynx
.1 software. All spectra were obtained in negative mode using
he following instrument parameters: capillary voltage, 3 kV; cone
oltage, 12 V; source temperature, 120 ◦C; desolvation tempera-
ure, 200 ◦C; extractor voltage, 1 V; radio frequency lens, 0.5 V;
nterscan delay, 0.1 s; m/z range, 215–1000.

. Results

The complete resolution of a mixture of eleven heparin dis-
ccharides was previously demonstrated by Korir et al. [12] by
PIP-UPLC utilizing 50 mM ammonium acetate as a pH buffer and
mM TrBA as an IPR. Although this method allowed for the rapid
nd efficient separation of the mixture components, presumably
ue to differential ion-pairing interactions of the disaccharides
ith TrBA, the presence of ammonium ion was also required for

omplete resolution of isomeric disaccharide pairs IIH/IIIH, IIA/IIIA
nd IIS/IIIS at the TrBA concentration used. A disadvantage of the
se of ammonium as a mobile phase buffer is that it reduces
he ESI-MS ionization efficiency, thereby limiting the sensitiv-
ty of the analysis. As shown in Fig. 2, the ionization efficiency
f heparin disaccharide IS is dramatically reduced by increasing
mmonium ion concentration. Motivated by our desire to reduce
S ion suppression while maintaining good chromatographic res-

lution, experiments were designed to explore the effects of TrBA
tructure and buffer composition on the chromatographic retention
ime and resolution of a heparin disaccharide mixture. This study
lso addresses the possibility that competition between TrBA and
ther positive IPRs such as ammonium and MBA for ion-pair forma-
ion may contribute to the chromatographic resolution of isomeric
eparin disaccharides.
The heparin disaccharides shown in Table 1 comprise an inter-
sting class of analytes for exploring the nature of ion-pairing
nteractions in RPIP chromatography. The disaccharides are all very
ydrophilic and are not retained on the reverse phase column
nless an ion-pairing reagent is employed. This family is com-
A 1217 (2010) 479–488 483

prised of species with similar structures and charge states, ranging
from zero net charge at neutral pH (IVH) to a charge of −4 (IS).
In this family, negative charges result from the carboxylate group
and from 2-O sulfonation of the iduronic acid, and from 6-O and
N-sulfonation of the glucosamine residue. Disaccharides contain-
ing an unmodified glucosamine (IH, IIH, IIIH, and IVH) will have a
positively charged amino group at the mobile phase pH employed
in these experiments. Additionally, the disaccharides comprising
charge states −1 (IVA, IIH, and IIIH), −2 (IIA, IIIA, and IH) and
−3 (IA, IIS and IIIS) offer structural motifs that differ only in the
nature and position of charged functional groups. Although one
might expect to be able to resolve components with very different
structures but similar charges, for example IIH and IVA, through
different ion-pairing interactions, the ion-pairing interactions lead-
ing to separation of the isomeric pairs IIH/IIIH, IIA/IIIA and IIS/IIIS
are likely to be more complex. Therefore, examining the effects of
varying IPR structure and concentration on the resolution of this
disaccharide family should yield insights into the finer details of
the RPIP separation mechanism.

3.1. Effect of TrBA concentration

Fig. 1a shows the effect of varying mobile phase TrBA concen-
tration on the separation of the heparin disaccharide mixture. The
mobile phase used to measure these chromatograms contained no
ammonium acetate, so TrBA acetate also served as the pH buffer in
these experiments. In cases of peak overlap, compound identity was
verified using the mass spectra, and for isomeric species which give
rise to identical molecular ions, through injection of spiked sam-
ples. Tables 2–5 show calculated retention factors, width at half
height and peak area for all 11 commercial disaccharides studied
at the varying mobile phase TrBA concentrations. At a TrBA con-
centration of 2.5 mM, peaks are broad and are poorly resolved. As
the TrBA concentration is increased to 20 mM, the peaks sharpen
and resolution of all of the disaccharides in this sample is achieved.
As expected, ion-pairing with TrBA resolves the disaccharides pri-
marily based on charge. Disaccharide IVH, with a net charge of
zero, is barely retained and elutes shortly after the column void
while the most highly charged disaccharide, IS, with a net charge
of −4 is the most highly retained. Within these extremes, groups of
disaccharides having similar charges, elute in the expected order:
disaccharides with a −1 net charge (IVA, IIH and IIIH) before those
with a −2 net charge (IIA, IIIA, and IH) followed by the disaccha-
rides having a net charge of −3 (IIS, IIIS and IA). For the compounds
containing a free glucosamine residue, two peaks are detected for
each compound due to resolution of the � and � anomers formed
by mutarotation of the reducing-end glucosamine residue [52]. It
is interesting that increasing the TrBA concentration does not pro-
duce large changes in the retention time for most species, and that
the improved resolution achieved at higher concentrations can be
attributed at least in part to sharpening of the peaks. It is also impor-
tant to note that increasing the TrBA concentration of the mobile
phase also increases ion suppression during MS detection similar
to the behavior observed in Fig. 2 with increasing ammonium con-
centration. For this reason when using MS detection the IPR mobile
phase concentration should be optimized to maintain adequate
analyte resolution and retention while minimizing ion suppression.
Additionally this change in ion intensity with changing TrBA con-
centration makes it difficult to extract useful information from the
peak areas derived from the total ion chromatograms, for example
in Tables 2–5.
3.2. Competition between TrBA and ammonium ion

Except for the incomplete resolution of the isomeric disaccha-
rides IIS and IIIS, the quality of the separation in Fig. 1a obtained
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ig. 3. Optimized ion-pair separation of commercially available heparin-derived d
he peak marked with an asterisk is an impurity.

ith 20 mM TrBA is nearly as good as that reported by Korir et
l. [12] using 5 mM TrBA and 50 mM ammonium acetate. Fig. 3
hows the effect of adding 2.5 mM ammonium acetate to the mobile
hase buffer containing 20 mM TrBA. As can be seen from the chro-
atogram in Fig. 3, addition of a small amount of ammonium ion

esults in complete resolution of the disaccharide isomers IIS and
IIS, as well as partial resolution of the � and � anomers of dis-
ccharides IVA and IS. The results achieved in Fig. 3 suggest that
ompetition between TrBA and ammonium for ion-pairing inter-
ctions with these disaccharides is at least partially responsible for

heir separation. Additionally, the overall decrease in retention of
ll disaccharides observed in Fig. 3 is most likely a result of the lower
ydrophobicity of the ammonium ion. Thus, any analyte interac-
ions with ammonium take place in the mobile phase only, causing
decrease in retention time. Fig. 4 also shows the application of

ig. 4. Separation of a heparin sample exhaustively digested with a cocktail of hepari
mmonium acetate. The peaks marked with an asterisk are impurities.
arides. Mobile phase IPR concentration: 20 mM TrBA, 2.5 mM ammonium acetate.

the full isomer separation method used for Fig. 3 to a heparin sam-
ple that had been exhaustively digested with heparinase I, II and III.
The results in Fig. 4 demonstrate the applicability of this separation
to a real sample, and confirm the ability of the method to resolve
disaccharide IVS, which was not included in Fig. 3.

3.3. Competition between TrBA and MBA

To further investigate the possibility that competition between
IPRs occurs and is an important component of the separation

mechanism, the effects of varying the MBA concentration while
maintaining a constant TrBA concentration of 2.5 mM was studied.
MBA was chosen because its single butyl side chain should allow
some retention of the MBA-disaccharide ion-pair on the reverse
phase column. However, because MBA is less hydrophobic than

nase enzymes I, II and III. Mobile phase IPR concentration: 20 mM TrBA, 2.5 mM
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rBA, competition between these ions should be visible through
hanges in retention time. The results presented in Fig. 5 show the
ffect of increasing MBA concentration on the separation of the iso-
eric disaccharides IIA and IIIA, selected because the glucosamine

itrogen of these compounds is N-acetylated simplifying the nature
f the interactions with the IPR.

As can be seen in Fig. 3, disaccharide IIIA, which elutes after dis-
ccharide IIA, has a greater ion-pairing affinity for TrBA under the
eparation conditions employed, 20 mM TrBA and 2.5 mM ammo-
ium. In Fig. 5a, when only 20 mM MBA is used as an IPR (no
rBA is present), sharp peaks are obtained for both disaccharides at
.78 min. With a mobile phase containing 20 mM MBA and 2.5 mM
rBA, shown in Fig. 5b, each disaccharide produces several rela-
ively sharp chromatographic peaks between 1.00 and 2.00 min.
lose examination reveals that IIIA has greater peak dispersion
nd retention of the later eluting components. We attribute these
eaks to the partial chromatographic resolution of species in which
he disaccharides are bound to MBA and TrBA over the course of
he separation, and are in slow exchange on the time scale of the
hromatographic separation. Even though TrBA is more hydropho-
ic and should have a greater effect on retention, MBA is present
t a much higher concentration and the poor retention suggests
hat MBA interactions dominate. At an intermediate concentration
f 15 mM MBA, shown in Fig. 5c, a transition point is reached in
he retention of both the IIA and the IIIA isomers at which two
ypes of ion-pair species are both present and resolved in the chro-

atogram. As expected from the separation in Fig. 3, disaccharide
IIA appears to have a greater ion-pairing interaction with TrBA
han disaccharide IIA in Fig. 5c. The broad peaks detected in this
eparation further suggest that exchange between MBA and TrBA
on-pairs is occurring on the chromatographic time scale. It is also
nteresting that there appear to be two different types of ion-pair
pecies formed, and with different populations for disaccharides
IA and IIIA. The broad peaks observed between 2 and 3 min sug-
est involvement of both MBA and TrBA in ion-pairing. The sharper
nd more highly retained peaks at around 4.5 min likely results
rom stable TrBA ion-pairs. Fig. 5d shows that when the MBA con-
entration is decreased to 10 mM, a single chromatographic peak
s now detected for each disaccharide. The longer retention time
bserved in Fig. 5d likely reflects the larger relative population of
rBA–disaccharide ion-pairs. The sharpness of these peaks suggests
ither that competition between the TrBA and MBA is fast on the
ime scale of the separation, or more likely that TrBA dominates
he ion-pairing interactions. MS analysis of the mass spectra for
he chromatographic peaks did not yield further insights into this

atter as no MBA or TrBA adducts to the heparin disaccharides
ould be detected in either negative or positive mode ESI. In fact, no
isaccharide ions were detected in positive mode. It is also impor-
ant to note that the overall lower retention of the disaccharides in
ig. 5b–d as compared to Fig. 1a where only 2.5 mM TrBA is present
s most likely due to the presence of the less hydrophobic MBA thus
educing the surface potential of the stationary phase.

. Discussion

In RPIP separations, the retention of analytes is determined by
everal factors. These include the hydrophobicity of the stationary
hase, organic concentration of the mobile phase, charge of ana-

ytes at the experimental pH, as well as charge, concentration and
ydrophobicity of the IPR [2,10]. In the electrostatic model of reten-

ion through ion-pairing, the hydrophobic IPRs are first absorbed
nto the surface of the hydrophobic stationary phase where, in the
ase of this study, the disaccharides interact electrostatically with
he positive charge of the alkyl ammonium IPR through the neg-
tive surface potential that is generated by their carboxylate and

Fig. 5. The effect of competition between the less hydrophobic IPRs MBA and TrBA
on the N-acetylated disaccharides IIA and IIIA. Mobile phase IPR concentration: (a)
20 mM MBA, (b) 20 mM MBA, 2.5 mM TrBA, (c) 15 mM MBA, 2.5 mM TrBA and (d)
10 mM MBA, 2.5 mM TrBA.
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Table 6
Retention factors for the 11 commercially available disaccharides using 30% mobile phase buffer B at 2.5, 5, 10 and 20 mM TrBA concentration.

Disaccharide [TrBA] Retention factor [TrBA] Retention factor [TrBA] Retention factor [TrBA] Retention factor

IVH 2.5 mM 0.11 ± 0.00 5 mM 0.13 ± 0.00 10 mM 0.12 ± 0.01 20 mM 0.11 ± 0.00
IVA 2.5 mM 0.34 ± 0.00 5 mM 0.37 ± 0.00 10 mM 0.35 ± 0.02 20 mM 0.34 ± 0.00
IIH 2.5 mM 0.30 ± 0.00 5 mM 0.33 ± 0.00 10 mM 0.30 ± 0.02 20 mM 0.27 ± 0.01
IIIH 2.5 mM 0.30 ± 0.00 5 mM 0.33 ± 0.00 10 mM 0.33 ± 0.00 20 mM 0.27 ± 0.00
IIA 2.5 mM 0.62 ± 0.00 5 mM 0.65 ± 0.00 10 mM 0.64 ± 0.02 20 mM 0.59 ± 0.01
IIIA 2.5 mM 0.65 ± 0.02 5 mM 0.70 ± 0.00 10 mM 0.67 ± 0.03 20 mM 0.58 ± 0.01
IH 2.5 mM 0.69 ± 0.00 5 mM 0.65 ± 0.00 10 mM 0.66 ± 0.02 20 mM 0.61 ± 0.00
IIS 2.5 mM 0.89 ± 0.00 5 mM 1.07 ± 0.00 10 mM 1.08 ± 0.05 20 mM 1.09 ± 0.02
IIIS 2.5 mM 0.99 ± 0.02 5 mM 1.17 ± 0.00 10 mM 1.14 ± 0.03 20 mM 1.08 ± 0.02

0.00
0.00

s
t
r

d
a
a
t
a
f
I
t
e
e
s
a
o
t
b
v
p
c
p
r
r
p

c
t
c
t
T
p
t
c
w
s
i
T
p
i

b
3
I
m
f
p
s
i
t

IA 2.5 mM 0.96 ± 0.02 5 mM 1.17 ±
IS 2.5 mM 1.30 ± 0.00 5 mM 1.83 ±

ulfonate groups. Electrostatic ion-pair formation can also occur in
he mobile phase prior to interaction with the stationary phase with
etention of the ion-pair occurring at the stationary phase surface.

From these models, certain retention trends for this series of
isaccharides can be hypothesized. First, as discussed previously,
s the concentration of the IPR is increased the retention of the dis-
ccharides should also increase [45]. However, as seen in Fig. 1a,
his is only the case for the latter eluting disaccharides IIS, IIIS, IA,
nd IS. The retention times of disaccharides IH and IVH are unaf-
ected by the increase in TrBA concentration, while disaccharides
IA, IIIA, IVA, IIH, and IIIH show a decrease in retention time as
he concentration of TrBA is increased. This phenomenon could be
xplained in part by the mechanism of stationary phase volume
xclusion resulting from coating of the stationary phase with TrBA,
imilar to the “cation exclusion” mechanism described by Loeser
nd Drumm [53]. In this mechanism, instead of the surface charge
f the stationary phase causing volume exclusion, it is the size of
he TrBA molecules coating the surface of the stationary phase that
locks the disaccharides from accessing the stationary phase pore
olume. Thus as the TrBA concentration is increased, more of the
ore volume will be blocked resulting in less retention of the disac-
harides by the stationary phase. However, at higher organic mobile
hase concentrations, the TrBA coating is washed away and normal
etention trends are expected, as observed in Fig. 1a for disaccha-
ides IIS, IIIS, IA, and IS which elute at higher organic concentrations
roduced by the gradient profile shown in Fig. 1b.

An alternative explanation for these results is that as the TrBA
oncentration is increased the concentration of the counterion, in
his experiment acetate, is also increased relative to the constant
oncentration of heparin disaccharides. Because acetate is nega-
ively charged it can compete with heparin for interaction with
rBA and thus lower the overall surface potential of the stationary
hase causing a decrease in retention of the disaccharides. Addi-
ionally, it is possible that the disaccharides with a −1 and −2 net
harge have a higher propensity to ion-pair in the mobile phase
hich would remove these analyte ions from interacting with the

tationary phase decreasing their retention factor [1]. With increas-
ng TrBA concentration there would be an increased percentage of
rBA in the mobile phase making this effect more pronounced and
roducing decreased retention of these disaccharides with increas-

ng TrBA concentration.
To test which theory best explains the observed retention

ehavior, a series of isocratic separations were performed with
0% buffer B (the approximate percentage at which disaccharide

S elutes) while increasing the TrBA concentration. Table 6 sum-
arizes the changes in retention factor for each disaccharide as a
unction of TrBA concentration. As can be seen from this table, the
oorly retained disaccharides IVH, IVA, IIH, and IIIH show an initial
mall increase in retention factor when the TrBA concentration is
ncreased from 2.5 to 5.0 mM followed by a small decrease in reten-
ion factor when the concentration of TrBA is increased further to
10 mM 1.16 ± 0.03 20 mM 1.21 ± 0.00
10 mM 1.89 ± 0.04 20 mM 2.21 ± 0.00

10 and 20 mM. A similar but more pronounced trend is observed for
disaccharides IIA and IIIA. The retention factor for disaccharide IH
decreases with increasing TrBA concentration while disaccharides
IIS, IIIS, IA and IS show an increase in retention factor with increas-
ing TrBA concentration. It is interesting that while disaccharide IIIS
has a higher retention factor for 20 mM TrBA than for 2.5 mM there
is an initial spike in its retention factor at 5.0 mM TrBA similar to
that observed for the −1 and −2 charge state disaccharides. This is
in contrast to the trend seen for IIS, for which the retention factor
increases with increasing TrBA concentration. For purposes of com-
parison, an experiment with isocratic elution was also performed
using a buffer containing 0 mM TrBA (data not shown), however, the
disaccharides were not retained and all eluted in the column void.
The results summarized in Table 6 show similar retention trends
to those seen in Fig. 1 but with a higher organic concentration. This
suggests that the reason the −1 and −2 charge state disaccharides
show a decrease in retention with increasing TrBA concentration
may be due to the increasing concentration of acetate, which can
also ion pair with TrBA and that increasing TrBA increases inter-
actions with the disaccharides in mobile phase. However, because
the −1 and −2 charge state disaccharides are so poorly retained in
this isocratic experiment it is hard to judge whether the observed
trends are sufficiently significant to completely eliminate a role of
pore exclusion effects on the disaccharide retention factors.

The separation of groups of disaccharides according to their net
negative charge, as is observed in Figs. 1 and 3, can be explained
simply by an increase in the average number of ion-pairs with
increasing disaccharide charge. However, this simple mechanism
fails to fully explain the chromatographic resolution of the struc-
turally similar isomeric pairs IIH/IIIH, IIA/IIIA, and IIS/IIIS, for which
the only difference is sulfonation at either the C6 position of the glu-
cosamine residue or the C2 position of the uronic acid residue. To
understand how these compounds might be resolved in RPIP sep-
arations, the sites of electrostatic interaction with the IPR must be
considered as well as the role that competition between different
IPRs may play in the resolution of the individual isomers.

As shown in Fig. 1a, all of the disaccharide isomers except IIS and
IIIS can be resolved simply by using 20 mM TrBA as the IPR. Further
examination of the structures of the IIH/IIIH and IIA/IIIA isomers
suggests that a mechanism based on the sterics of the ion-pairing
interaction may be involved in this separation. In disaccharides IIH
and IIA, the sulfonate at the glucosamine C6 is in close proxim-
ity to the negatively charged carboxylate moiety of the uronic acid
residue in comparison to length of the TrBA butyl arms. Interaction
of a TrBA ion with either the glucosamine C6 sulfonate or the car-
boxylate group would sterically hinder ion-pairing with a second

TrBA ion at the other site. However, in the case of disaccharides
IIIH and IIIA, which are more highly retained than their isomeric
analogs, the uronic acid C2 sulfonate and the carboxylate moiety
are oriented away from each other in space allowing ion-paring
with TrBA at both sites simultaneously, leading to greater inter-
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ctions with the stationary phase. For disaccharides IIS and IIIS,
-sulfonation of the glucosamine adds another point of interaction
ith the IPR, increasing their retention relative to IIH/IIIH or IIA/IIIA.

he glucosamine N-sulfonate and uronic acid C2 sulfonate are suf-
ciently close in disaccharide IIIS that ion-pairing with one TrBA
terically hinders interaction of second TrBA ion with the other site.
herefore, the net ion-pairing interactions of IIS and IIIS are similar,
nd they have similar retention times as shown in Fig. 1a.

Addition of 2.5 mM ammonium ion improves the resolution of
isaccharides IIS and IIIS, as shown in Fig. 3, suggesting that com-
etition between the TrBA and ammonium ions is responsible for
he separation of these isomers. A separation mechanism involving
ompetition of the smaller ammonium ion with the much larger
rBA should be reflected in changes in the retention time of the iso-
er with the greatest degree of steric crowding at TrBA interaction

ites. Comparison of Figs. 1a and 3 indicate that the retention time
f IIIS is essentially unchanged in the presence of 2.5 mM ammo-
ium ion, while the retention time of IIS decreases from 7.93 min

n Fig. 1a to 7.67 min in Fig. 3. As was observed for disaccharides IIH
nd IIA, this result suggests that steric effects have a more signifi-
ant impact on ion-pairing interactions with TrBA and disaccharide
IS.

The results shown in Fig. 5 further probe the nature of com-
etition between IPRs in this separation. Fig. 5c shows that at an

ntermediate concentration of 15 mM MBA a transition point is
eached in the retention of the isomeric pair IIA/IIIA where two ion-
air species are resolved in the chromatogram shown in Fig. 5c. In
ddition to the sharper peak at 4.48 min that we attribute to the
rBA ion-pair, two broad peaks are also detected between 2 and
min for each disaccharide. Because these peaks have a retention

ime that is intermediate between that of MBA and TrBA alone, they
ight be attributed to ion-pairs with both MBA and TrBA. Even

t concentrations of 20 mM MBA and 2.5 mM TrBA (Fig. 5b), slow
xchange between multiple ion-pair species leads to partial resolu-
ion and broadening compared to the peak widths obtained when
nly 20 mM MBA is present. Overall lower retention of the disac-
harides is observed in Fig. 5b–d compared with Fig. 1a where only
.5 mM TrBA is present. As mentioned previously, this is most likely
ue to a reduction in the surface potential of the stationary phase

nduced by MBA, a less hydrophobic IPR. Although this study exam-
ned only the mass spectrometry-compatible IPRs: TrBA, MBA, and
mmonium, other IPRs used for ion-pairing with heparin such as
etrabutylammonium (TBA), should have similar separation mech-
nisms as previous heparin disaccharide separations using these
lternate IPRs show identical elution orders as those presented in
his work [11,48]. One would expect similar separation mecha-
isms to apply to other classes of closely related hydrophilic anions,
ut the extent of competition effects should be highly dependent
n the strength of the ion-pairing interactions themselves. If the
PR interacts tightly with the analyte it would be more difficult for
nother IPR to compete for that interaction. In this regime steric
nteractions would be expected to dominate the separation mech-
nism.

Beyond the factors already discussed, peak width also affects the
hromatographic resolution of the heparin disaccharide family. As
bserved in Fig. 1a, increasing the TrBA concentration decreases
he peak width. It is this decrease in peak broadening at high TrBA
oncentrations, more so than changes in relative retention times,
hat is responsible for the partial resolution of the IIS and IIIS iso-

ers. With such a complex system, peak broadening effects must
e interpreted with some caution, considering that multiple equi-
ibria are involved. However, the results in Fig. 1a suggest that when
rBA is at high concentration, stable ion-pairs are formed, decreas-
ng the peak broadening that would result from partial resolution
f ion-pairs with different configurations (e.g., those having either
ne or two associated TrBA ions). This hypothesis is reinforced by
A 1217 (2010) 479–488 487

the results presented in Fig. 5 showing clear chromatographic res-
olution of different types of disaccharide ion-pairs.

Finally, while the previous mechanisms serve well to explain
isomer separation, the phenomena of anomeric resolution require
an alternative explanation. As seen in Figs. 1 and 3, chromato-
graphic resolution of the � and � anomers is most significant
for disaccharides with an unsubstituted glucosamine residue, sug-
gesting that the partial positive charge state of this amine plays
a role in the chromatographic resolution of these anomers. This
phenomenon has also been observed in CE separations of heparin
disaccharides and glucosamine [30,52]. We attribute the resolution
of the � and � anomers of the disaccharides IH, IIH and IIIH in these
separations to differences in the pKa values of the glucosamine
primary amine group. For example, Blaskó et al. [54] report that
the �-anomer ammonium group of glucosamine is more acidic
(pKa = 7.87) compared to the � anomer (pKa = 8.12). This suggests
that under our separation conditions, the �-anomers of disaccha-
rides IH, IIH and IIIH have a higher average population of species
with a positively charged primary amine, and thus an overall lower
net negative charge. This lower negative electrostatic charge would
reduce the overall interaction of the � anomers with the IPRs caus-
ing them to elute prior to the corresponding � anomers. However,
unless the specific goal of the experiment required resolution of the
� and � anomers, better chromatographic resolution and quanti-
tation of heparin disaccharides could be achieved by adjusting the
mobile phase pH away from the glucosamine pKas, providing that
effective resolution of the entire disaccharide family could still be
achieved.

5. Conclusions

Because of the potential versatility and effectiveness of RPIP-
HPLC and UPLC in the separation and study of a wide range of
charged hydrophilic analytes, including heparin and HS disaccha-
rides, it is important to improve our mechanistic understanding of
separations based on ion-pairing interactions. An improved under-
standing of the separation mechanism assists in the development
and refinement of new separation methods for complex mixtures
of structurally similar analytes. This study focused on the effects
of competition between TrBA and two other positive but less
hydrophobic IPRs, MBA and ammonium, on the UPLC resolution
of structural isomers of heparin disaccharides having subtle differ-
ences in charge and structure. Although the results of this work
focused only on the separation mechanism of heparin disaccha-
rides using TrBA as an IPR, it should be noted that we expect other
bulky cationic IPRs such as TBA to operate by a similar separation
mechanism. Future work to explore the interactions of anionic IPRs
with a closely related family of cationic analytes could provide addi-
tional insights into the nature of interactions between the analyte,
the IPRs and the stationary phase. The knowledge gained from this
study could provide significant insights leading to the development
of RPIP-UPLC methods for the separation of larger heparin oligosac-
charides, as well as other complex mixtures of structurally similar
ionic compounds.
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