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nmobility-mass spectrometry and
pulsed-field gradient nuclear magnetic resonance
spectroscopy for the differentiation of chondroitin
sulfate isomers†

Katharina Lemmnitzer,‡*a Thomas Riemer,‡a Michael Groessl,b Rosmarie Süb,a

Richard Knochenmussb and Jürgen Schillera

Sulfated glycosaminoglycans such as chondroitin sulfate (CS) are important, natural polysaccharides which

occur in many biological tissues and possess different biotechnological and medical applications. The

analysis of CS is normally based on the evaluation of the unsaturated disaccharides, which can be easily

obtained by enzymatic digestion. The 4-sulfate and the 6-sulfate are the typical main products which are

usually differentiated and quantified by MS/MS. Here we show that both disaccharide isomers can be

readily differentiated by ion mobility-mass spectrometry (IM-MS), with the 6-sulfate isomer having

a lower mobility in the gas phase. These findings are further substantiated by pulsed-field gradient (PFG)

NMR, which also indicates lower mobility of the 6-sulfate isomer in solution. Based on these already

well-studied isomers we provide evidence that the combination of both methods, IM-MS and (PFG)

NMR, allows the differentiation of isomers in mixtures, the determination of the relative contributions of

both isomers and the structural identification without the absolute need for pure, internal standards.
1. Introduction

Glycosaminoglycans (GAGs) as building blocks of proteoglycans
are important constituents of the extracellular matrix (ECM) of
connective tissues. These unbranched acidic polysaccharides
are omnipresent in mammals and play important roles, not
only as structure lending components, for example, in skin or
cartilage, but also during the development of the central
nervous system, wound healing processes, and biomolecular
signaling. These large varieties of functions and the related
diseases have been addressed in many recent reviews.1–5

One common GAG representative is chondroitin sulfate (CS),
consisting of b-1/4-glycosidically linked disaccharides. The
repeating units are composed of b-1/3 linked uronic acid and
N-acetylgalactosamine (GalNAc) and may vary in the type of the
uronic acid, D-glucuronic acid (GlcA) or L-iduronic acid (IdoA),
and in the location of the sulfo groups, thus resulting in a high
diversity of possible building blocks in the polysaccharide
chain. Therefore, the distinction of different CS types is based
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on the predominant disaccharide repeating unit and the
number and position of sulfated hydroxyl groups.

In the old denomination, the most common CS types are
referred to as chondroitin sulfate A, B and C. The predominant
repeating units of chondroitin sulfate A and C are both
composed of GlcA and GalNAc, differing in the position of the
sulfation at the C4 and C6 position of the GalNAc, respectively.
In type B GlcA is epimerized into IdoA, and sulfation occurs at
the C2 position of IdoA, at the C4 and less frequently also at the
C6 position of GalNAc.6,7

The detailed CS disaccharide composition varies between
species8,9 and between tissues of the same species.10 Further-
more, several diseases are characterized by changed contribu-
tions of the CS types.11–13 The homogeneity of the repeating unit
sequence and the sulfation pattern of CS can be determined by
electrospray ionization (ESI) mass spectrometry (MS)18,19 or
matrix-assisted laser desorption and ionization (MALDI) MS.14,15

Since the intact CS polysaccharide with a molecular mass of up
to 50 kDa cannot be analyzed directly by its intact mass,1

specic enzymes are used which convert the polysaccharide into
dened oligosaccharides which then can be analyzed. Chon-
droitinase ABC (chondroitin lyase, EC 4.2.2.4) is particularly
useful, because this enzyme cleaves all naturally occurring
forms of CS and generates nearly exclusively unsaturated
disaccharides.16,17

This bottom-up analysis allows the determination of the
extent of sulfation (number of sulfo groups per disaccharide
Anal. Methods, 2016, 8, 8483–8491 | 8483
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Fig. 1 Chemical structures of the two most abundant isomeric,
unsaturated CS disaccharides which are obtained by enzymatic
digestion of the CS polysaccharide.
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unit) simply by mass differences in the mass spectra. In order
to differentiate the naturally occurring isomers, particularly the
4- and 6-sulfate (the chemical structures of which are shown
schematically in Fig. 1), MS/MS is normally used to determine
the positions of the sulfate residues by the yield of characteristic
fragment ions.18,19

However, several problems have to be considered during the
analysis of sulfated oligosaccharides: even with optimized ESI
parameters the in-source loss of sulfo groups can hardly be
completely avoided.20 Furthermore, epimerization and sulfation
have an impact on the fragmentation process and thus on the
abundance of characteristic fragments21 as well as the charge
state of the precursor ion.22 Additionally, there are indications
of a possible transfer of sulfo groups to another hydroxyl group
within the precursor ion during the fragmentation process of
oligosaccharides – particularly in ion trapmass spectrometers.23

Achieving quantitative data is more difficult under these
conditions in comparison to MS alone and requires at least
external calibration with reference compounds, independent of
the fragmentation technique used.18,19

To bypass all these sources of error that can occur during the
fragmentation process, we have been looking for alternative
methods which readily enable the differentiation of CS disac-
charide isomers without the need for using sophisticated MSn

techniques.
One alternative method is the separation of isomers via LC/

HPLC24,25 or electrophoresis.26,27 However, the identication and
quantication by these approaches take several minutes per
sample, usually involve derivatization of the analytes, and
require normally pure reference compounds for calibration and
identication of the compounds in the sample. For unknown
compounds, the online or offline combination with NMR or MS
is needed to obtain structural information.

Solution nuclear magnetic resonance (NMR) spectroscopy is
a powerful tool for the determination of the sulfate positions in
chondroitin-4- or 6-sulfate,28 but the low sensitivity of the
method requires higher sample concentrations and is therefore
not suitable for high throughput analysis of diluted samples.
Although NMR alone can be used to determine the C4S/C6S
ratio in a given sample, the combination with diffusion ordered
spectroscopy (DOSY) opens new dimensions.29 It has been used
to spot impurities in mixtures, such as oversulfated chondroitin
sulfate in heparins30 or to monitor the time-dependent enzy-
matic depolymerization of heparin.31

Ion mobility-mass spectrometry (IM-MS) is an attractive
technique for carbohydrate research due to its ability to
8484 | Anal. Methods, 2016, 8, 8483–8491
separate ions not only by the mass-to-charge ratio but also by
their mobility in the gas phase either through space (e.g. by
high-eld asymmetric waveform ion mobility spectrometry
(FAIMS)) or time (e.g. dri tube or travelling wave ion mobility).
FAIMS has been used for charge state separation of isobaric
chondroitin sulfate oligomers as well as for the separation of
synthetic heparin sulfate tetrasaccharide epimers that only
differ in the C5 stereochemistry of one uronic acid residue prior
to tandem mass spectrometry.32 Another recent study of
synthetic trisaccharides using travelling-wave measurements
achieved baseline separation between compounds differing in
the linkage type and stereoisomers, allowing relative quanti-
cation of congurational isomers in a mixture.33

The aim of this work was to test the separation of isomeric
CS disaccharides differing only in the position of one sulfate
residue by means of IM-MS and DOSY NMR. The utilization of
chondroitin sulfate as a thoroughly investigated model
substance allowed the comparison with established methods,
more precisely MS/MS and 1H NMR, regarding the relative
quantication of these isomers in a mixture.
2. Materials and methods
2.1 Chemicals

Polymeric chondroitin sulfate from bovine trachea and all
solvents were purchased from Sigma-Aldrich (Deisenhofen,
Germany). The used CS oligosaccharides (for comparative
purposes) were from Santa Cruz Technology (Heidelberg, Ger-
many). They were used without further purication. Chon-
droitinase ABC (from proteus vulgaris) was purchased from AMS
Biotechnology (Frankfurt, Germany) and the digestion was
performed as recently described.34
2.2 ESI MS and MS/MS

Electrospray ionization mass spectrometry (ESI-MS) in the
negative and positive ion mode was carried out on an Amazon
SL ion trap mass spectrometer (Bruker Daltonics, Bremen,
Germany).

The lyophilized digestion sample was dissolved in 50%
methanol to obtain a concentration of 5 mg mL�1 and subse-
quently introduced into the ESI source via a syringe pump at
a ow rate of 5 mL min�1. Nitrogen was used as nebulizer gas.
ESI-MS conditions were: mass range mode, enhanced resolu-
tion; dry temperature, 200 �C; nebulizer, 7.25 psi; dry gas,
4.00 L min�1; HV capillary, 4.5 kV. These parameters enabled
the unequivocal identication of the parent ion but provided as
well reasonable intensities of fragment ions. Full scan mass
spectra were acquired with the ICC (“ion charge control”) target
set to 100 000 and a maximum acquisition time of 100 ms. The
required accumulation times averaged over 20 spectra were
about 85 ms. The MS/MS experiment utilized an end-cap voltage
of 0.55 V and an isolation width of 4 Da. Helium was used as
collision gas. Data acquisition and analysis were carried out by
using the programs TrapControl and DataAnalysis, respectively
(Bruker Daltonics, Bremen, Germany).
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ay02531e


Paper Analytical Methods

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

14
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.3 Ion mobility-mass spectrometry (IM-MS)

All IM-MS spectra were recorded on a TOFWERK IMS-TOF
instrument, which has been comprehensively described before.35

The dynamic range of IM-MS in combination with a TOF mass
analyzer is approximately 1.000.36 Analytes were ionized by ESI
and nitrogen was used as dri gas at atmospheric pressure and
30 �C in the enclosed IMS cell. Samples were diluted inmethanol
(nal concentration 1 mg mL�1), and sodium acetate was added
to enhance the formation of completely sodiated ions in the
positive ion spectra. This warrants the optimum separation of
both CS isomers (vide infra).

The theoretical background of IMS has been discussed in
detail elsewhere37 and can be briey summarized as follows:
ions traveling through a dri region of the length L lled with
a neutral collision gas under the inuence of a weak homoge-
neous electric eld (E ¼ V/L) are separated on the basis of their
average ion velocity vd, which depends on the ion mobility K.
The measured dri time td depends on the length of the dri
region and the ion velocity:

K ¼ vd

E
¼ L2

Vtd

Since ion mobility depends on the applied experimental
conditions such as temperature T, pressure P and the strength of
the electric eld, the reduced mobility value K0 is normally
calculated to allow comparisons of different experimental setups:

Reduced mobilities (K0) and collision cross-sections (s) can be
calculated by normalizing the ion mobility dri time to dri
length, potential, pressure and temperature and a modied zero
eld (so-called Mason–Schamp) equation. This momentum trans-
fer scan law includes eld-dependent corrections for both colli-
sional momentum transfer and collision frequency (a and b terms,
respectively). For more detailed information see Siems et al.38

K0 ¼ L2

Vtd

P

1000 mbar

273 K

T

s ¼ 3

16

�
2p

mkT

�1=2
qzE

vdN

"
1þ

�
bMT

aMT

�2�
vd

vT

�2
#�1=2

K0 ¼ reduced mobility [cm2 V�1 s�1], L ¼ dri length [cm], V ¼
dri potential [V], td¼ dri time [s], P¼ pressure in the dri cell
[mbar], T ¼ temperature of the dri cell [K], s ¼ integrated
collision cross-section, m ¼ reduced mass of the analyte and the
dri gas, k ¼ Boltzmann's constant, q ¼ elementary charge, z ¼
charge number, E¼ electric eld, vd¼ dri velocity, N¼ neutral
gas number density, bMT ¼ correction coefficient for
momentum transfer, aMT ¼ correction coefficient for collision
frequency, and vT ¼ thermal velocity.
2.4 Proton (1H) nuclear magnetic resonance (NMR)
spectroscopy

Samples were investigated as 5 mg ml�1 solutions in D2O. Apart
from a reduced solvent signal, the use of D2O has the additional
This journal is © The Royal Society of Chemistry 2016
advantage that it helps to obtain deuterium frequency lock
stabilization, which improves the spectral quality. The proton
NMR spectrum is displayed in Fig. 4; trace A was recorded at
25 �C using an inverse 5 mm probe on a Bruker 600 MHz NMR
spectrometer.

The relative moieties of C4S and C6S in the mixture were
determined by comparing the area of the resonances assigned
to the N-acetyl groups (NAc) and the double bond in the uronic
acids (UA H4) of the two isomers for three separate measure-
ments at different temperatures: 303.15 K/298.15 K/310.15 K.

2.5 Diffusion-ordered spectroscopy (DOSY) pulsed-eld
gradient (PFG) NMR

Diffusion-ordered spectroscopy (DOSY) was performed at 30 �C
(303 � 1 K) by applying magnetic eld gradients g and
measuring the intensity I in dependence on the applied eld
gradients.39

The attenuation of the observed signal intensity I due to the
applied gradient strength g depends – besides the apparent self-
diffusion coefficient D of the molecule of interest – on the non-
attenuated signal intensity I0 (i.e. without gradients), the gyro-
magnetic ratio g of the observed nucleus (g ¼ 4.26 � 107 Hz
T�1), the diffusion time D (0.05 s) and the duration of the
applied gradient d (0.004 s), rst described by Steijskal and
Tanner in 1965:40

I ¼ I0 exp[�Dg2g2d2(D � d/3)]

Consequently, the slope of the logarithmic plot of the
decreasing signal intensity with increasing eld gradient is
proportional to the apparent self-diffusion coefficient D of the
corresponding molecules:

ln

�
I

I0

�
fDg2

The calibration of the magnetic eld gradient strength was
performed as described by Holz et al.41 The temperature control
was veried by measuring the temperature dependent chemical
shi of ethylene glycol according to Ammann et al.42

3. Results and discussion
3.1 ESI MS and MS/MS

Fig. 2 shows the ESI mass spectra of chondroitin sulfate from
bovine trachea aer enzymatic digestion with chondroitinase
ABC in the positive (A) and negative ion mode (B). The assign-
ment of all signals can be found in Table 1 including the
observed and calculated m/z values.

In the positive ion mode (Fig. 2, trace A) the most abundant
species with m/z 526.00 corresponds to singly charged ions
containing three sodium ions. The negative ion spectrum shows
the singly charged deprotonated form (m/z 458.06) and a sodi-
ated species (m/z 480.02). In both spectra (A) and (B) low intense
ions (m/z 424.06 and 378.11) were observed, representing
unsaturated disaccharides without sulfate groups. This might
Anal. Methods, 2016, 8, 8483–8491 | 8485
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Fig. 2 ESI-MS of chondroitin sulfate from bovine trachea after enzy-
matic digestion with chondroitinase ABC, in the positive (A) and
negative (B) ion mode. Trace (C) shows the negative ion mode mass
spectrum of a mixture of the two isomeric standards, C4S and C6S
(1 : 1, v/v).
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be due to a sulfate loss during measurement; however, opti-
mization of the experimental conditions could not minimize
this effect and the same measurement of a mixture of the
chondroitin sulfate disaccharide isomers C4S and C6S in the
negative ion mode (shown in Fig. 2, trace C) also provided no
evidence of the loss of sulfate groups under these experi-
mental conditions. This indicates that these ions correspond
to naturally occurring (low abundant) non-sulfated repeating
units within the CS polysaccharide chains from bovine
trachea.

The determination of the relative moieties of C4S and C6S
was performed as essentially described by Desaire and Leary:18
Table 1 Assignment of the signals in the ESI-MS of native chondroitin sul
ABC, in the positive (A) and negative (B) ion mode. The unsaturated CS-

m/z z Assignment

A
526.00 1 [M � 2H + 3Na]+

504.02 1 [M � H + 2Na]+

424.08 1 [M � SO3 � H + 2Na]+

475.03 2 [2M � SO3 � 3H + 5Na]2+

B
458.06 1 [M � H]�

480.02 1 [M + Na � 2H]�

378.09 1 [M � SO3 � H]�

8486 | Anal. Methods, 2016, 8, 8483–8491
the relative intensities of the two fragment ionsm/z 282 andm/z
300 of the deprotonated ion (m/z 458.06) determined by MS/MS
measurements of the indicated disaccharide standards were
used in a given system of equations, and normalized (among
other inuencing factors) to differences in the ionization effi-
ciencies of both isomers. In the case of the here analysed
chondroitin sulfate from bovine trachea, the determined moiety
of C4S was about (64 � 4)% (detailed information and the used
data can be found in the ESI†).
3.2 Ion mobility-mass spectrometry (IM-MS)

Negative and positive IM spectra of two commercially available
CS disaccharide standards and one CS sample subsequent to
exhaustive digestion with chondroitinase ABC are shown in
Fig. 3.

In both detectionmodes, the positive (A) and the negative (B)
ion mode, two peaks corresponding to the 4- and 6-sulfate are
detected (baseline separation only in positive ion mode). There
were no indications for different conformations of the disac-
charides in the gas phase as observed for sodiated disaccha-
rides in IM-MS measurements done before.43

Experiments with the puried C4S and C6S disaccharides
enable the unequivocal assignments of both isomers: the rst
peak, characterized by a shorter dri time and therefore
a smaller collision cross-section, represents the 4-sulfate and
the second peak the 6-sulfate. The observed dri times, the
corresponding calculated collision cross-sections and the
reduced ion mobility data are given in Table 2. The observed
dri time differences are caused by different collision cross-
sections of the ions: the C4 sulfo group close to the helical axis
of the disaccharide results in a more compact form, whereas the
sulfate residue in the C6 position is more space-demanding.
This difference is increased by the attachment of sodium ions,
thus allowing baseline separation of the two signals in the
positive ion mode. This is a signicant advantage of the positive
ionmode although sulfated oligosaccharides are normally more
sensitively detected as negative ions.

Integration of the peak areas resulted in different
percentages of C4S in the positive (67 � 3)% and the negative
ion mode (78 � 4)% (also included in Table 2). The
pronounced difference in the relative contribution of the C4S
fate from bovine trachea after enzymatic digestion with chondroitinase
disaccharide has a neutral, monoisotopic mass of M ¼ 459.07 g mol�1

Hill notation Calculated m/z (monoisotopic)

C14H19NNa3O14S 526.02
C14H20NNa2O14S 504.04
C14H20NNa2O11 424.08
C28H39N2Na5O25S 475.05

C14H20NO14S 458.06
C14H19NNaO14S 480.04
C14H20NO11 378.10

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 IM-MS of the positively charged triply sodiated disaccharide
(m/z 526; trace A) and the singly negatively charged deprotonated
species (m/z 458; trace B). In addition to the results of the enzymatic
digestion of native CS (from bovine trachea) with chondroitinase ABC,
the isolated unsaturated CS disaccharides (commercially available C4S
and C6S standards) are also shown.

Table 2 IM-MS drift times (td), collision cross-sections (s), reduced ion
mobility (K0) and relative peak areas of the two isomers separated by
IM-MS in the positive (A) and negative (B) ionmode. The adduct type of
the ion of interest is also given with M ¼ 459.07 Da as the neutral,
monoisotopic molecular weight of the unsaturated CS-disaccharide

A

[M � 2H + 3Na]+ C4S C6S

td (ms) 48.4 49.4
s (Å2) 223.8 227.9
K0 (cm

2 V�1 s�1) 1.084 1.064
Relative area (%) 67 � 3 33 � 3

B

[M � H]� C4S C6S

td (ms) 45.4 45.9
s (Å2) 211.0 213.3
K0 (cm

2 V�1 s�1) 0.980 0.969
Relative area (%) 78 � 4 22 � 4

Fig. 4 600 MHz high resolution 1H NMR spectrum of the enzymatic
digest of native CS from bovine trachea with chondroitinase ABC (A).
Two resonances are very characteristic and well separated from the
remaining carbohydrate signals: the resonance at 2.088 ppm can be
assigned to theN-acetyl group (NAc) of C4S, while the N-acetyl group
at 2.050 ppm stems from C6S.28 In the same way, the resonances of
the double bond in the uronic acid (UA) can be assigned to C4S (5.977
ppm) and C6S (5.883 ppm).28 These selected resonances are explicitly
labeled in the spectrum. In trace (B) the attenuation of the N-acetyl
resonances in dependence on the applied gradient strength is shown
to illustrate the effect of 1% and 95% gradient strength on the signal
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isomer as the fully sodiated ion (positive ion mode) and
deprotonated ion (negative ion mode) indicates that the CS
isomers exhibit different ionization and/or adduct formation
efficiencies during ESI.

The normalization factor for the different ionization effi-
ciencies in the negative ion mode (that was determined during
This journal is © The Royal Society of Chemistry 2016
MS2 quantication) was used to take these differences into
account. The percentage of C4S determined in this manner in
the negative ion mode of (62 � 5)% is in good agreement with
the result of the 1H NMR measurement (60 � 4%).

However, in the case of the positive ion mode the obtained
results differed only slightly from the values determined by 1H
NMR. This indicates that the ionization efficiencies of the fully
sodiated isomers in the positive ion mode are reduced or
compensated by other effects such as differences in the adduct
formation tendencies of both isomers. Amore detailed evaluation
of these aspects, however, was beyond the scope of this study.
3.3 Proton (1H) nuclear magnetic resonance (NMR)
spectroscopy and diffusion-ordered spectroscopy (DOSY)
pulsed-eld gradient (PFG) NMR

Even if basically all resonances of the unsaturated disaccharides
can be used to perform DOSY experiments, the resonances of
the N-acetyl groups (NAc) are most useful for three reasons: (i)
the N-acetyl resonances are well separated from all remaining
carbohydrate resonances, i.e. there is no overlap. (ii) There are
three equivalent protons in each N-acetyl group and this (in
combination with the aspect that there is no coupling which
would lead to peak splitting) confers high sensitivity even if
intensities.

Anal. Methods, 2016, 8, 8483–8491 | 8487
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Fig. 5 DOSY plot of the N-acetyl resonances of the two CS isomers
(A): the attenuation of the relative signal intensity I/I0 of C4S is slightly
higher than that of the C6S corresponding to a higher diffusion
coefficient of the 4-sulfate. The individual plots for the NAc and UA H4
resonances for both isomers and the corresponding linear regressions
are given in the supplement (S1). Trace (B) shows the determined
diffusion coefficients for all discussed resonances and the error bars
from the linear regression.

Analytical Methods Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

14
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
diluted samples (in comparison to the rather concentrated
solutions used here) are investigated. (iii) The characteristic
chemical shis enable the assignment to the different unsatu-
rated disaccharides,28 while the a- and b-anomers cannot be
differentiated because they result in exactly the same chemical
shis.

Of course, the resonances of the H4 protons located at the
double bond within the uronic acid can also be used because
there is a clear assignment to the two isomers and a good
separation from all other signals: although the intensities of
these signals are much lower, nearly identical data (as in the
case of the N-acetyl groups) can be obtained if these resonances
are used. Although NMR is by far less sensitive in comparison to
MS it should be noted that the here used considerable
Table 3 NMR results of the CS digestion products: resonances, assignm
intensities of both isomers

Resonance [ppm] Assignment D [10�10 m2 s�

2.050 NAc C6S (4.776 � 0.010
2.088 NAc C4S (4.876 � 0.004
5.883 UA H4 C6S (4.744 � 0.006
5.977 UA H4 C4S (4.897 � 0.005

a Values from three separate measurements at different temperatures: 30

8488 | Anal. Methods, 2016, 8, 8483–8491
concentrations (5 mgml�1) are not a must but were used to save
instrument time. Reasonable NMR spectra can also be obtained
for diluted samples such as synovial uids or other body
uids.44

All in all, this results in a set of two signals on each “end” of
the 1H NMR spectrum as illustrated in Fig. 4(A). During PFG
NMR measurements, the intensities of these signals decrease
with increasing gradient strength. This is exemplary shown for
the NAc resonances in Fig. 4(B).

Fig. 5 shows the DOSY logarithmic plot of the NAc reso-
nances in (A) as a function of the square of the applied eld
gradient strength. The straight lines emphasize (i) that there is
only one single apparent self-diffusion coefficient D per
compound and (ii) that the two isomers can be differentiated
due to their diffusion behavior. The differences in the diffusion
behavior are only based on the different spatial extensions of
the related ions: the introduction of a sulfate residue at the C6
position is obviously more space-demanding in comparison to
the same modication at the C4 position and results in smaller
diffusion coefficients, respectively.

The diffusion coefficients calculated from each selected
resonance are given in Table 3. Detailed information on the
linear regression, R2 values and errors is also available in the
electronic supplement. The comparison of these values allows
an estimation of the error and thus the validity range of the
method: the relative error of the t itself is 0.2% and within one
isomer species (NAc C4S and UA H4 C4S or NAc C6S and UA H4
C6S) the difference amounts to about 1%. However, the differ-
ence between the two isomers is at least 2%. This is graphically
illustrated in Fig. 5(B): considering the different diffusion
coefficients a clear distinction between the two isomers can be
made.
4. Conclusions

The differentiation of the two most common chondroitin sulfate
disaccharide isomers with the sulfo group either on the C4 or the
C6 position of the N-acetylgalactosamine could be realized by
means of IM-MS measurements. The unequivocal assignment of
the two isomers to the respective signal in the ion mobility
spectrumwas obtained by the simultaneous investigation of both
disaccharide standards. The collision cross-sections (s) with
nitrogen as collision gas and the reduced ion mobility (K0) of the
two disaccharides as deprotonated [M � H]� as well as fully
sodiated [M � 2H + 3Na]+ ions were determined, and baseline
ent (according to ref.28), determined diffusion coefficient D and relative

1] Integration limits [ppm] Rel. intensitiesa

) 2.04–2.06 0.40/0.42/0.42
) 2.07–2.10 0.60/0.58/0.58
) 5.86–5.91 0.41/0.36/0.39
) 5.96–5.99 0.59/0.64/0.61

3.15 K/298.15 K/310.15 K.

This journal is © The Royal Society of Chemistry 2016
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Table 4 Comparison of the relative quantification results bymeans of MS2, IM-MS (both ionmodes and the normalized values of the negative ion
mode), as well as 1H NMR. The used normalization (Norm 1) can be found in the supplement

% MS2

IM-MS

1H NMRPos. IM Neg. IM Neg. IM � Norm 1

C4S (64 � 4)% (67 � 3)% (78 � 4)% (62 � 5)% (60 � 4)%
C6S (37 � 2)% (33 � 3)% (22 � 4)% (38 � 5)% (40 � 4)%
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separation of both isomers in a crude digestion sample of the CS
polysaccharide from a biological sample was achieved.

Further NMR DOSY experiments conrmed the MS results:
under both conditions, i.e. in solution and in the gas phase, the
small differences in the structures of the two isomers led to
observable differences. In both, solution (NMR) and gas phase
(IM), the C4S, with its more “compact form” due to the position
of the sulfo group near to the helical axis of the disaccharide,
showed a higher mobility than the C6S isomer.

The comparison of the obtained C4S and C6S relative
moieties by means of the different methods is given in Table 4.
The results determined by IM-MS in the positive ion mode and
in the negative ion mode subsequent to normalization are in
excellent agreement with the results of the MS2 and 1H NMR
experiments.

In a nutshell, a rapid separation (a measurement takes only
a few seconds) of both CS isomers in a mixture can be per-
formed by means of IM-MS in the positive ion mode without the
need for any pre-separation or derivatization. This can be
regarded as a milestone regarding the fast elucidation of the CS
compositions of a large number of biological samples. Addi-
tionally, the IM-MSmethod exhibits an about 5000 times higher
sensitivity compared to the NMR method.

Finally, the use of the two methods allows the characteriza-
tion of (at least) carbohydrate isomers in mixtures without the
absolute need for puried standard substances: the agreement
between the behavior of both isomers in solution, determined
by PFG NMR, as well as in the gas phase shown by IM-MS serves
as a bridge between NMR structure elucidation and the identi-
cation of characteristic MS/MS fragments which will be the
focus of our future research.
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