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Abstract

Glycosaminoglycans (GAG) as long, unbranched polysaccharides are major

components of the extracellular matrix. Many studies provided additional evidence

of a specific binding between mediators and sulfated GAG, at which the sulfation

code—which means the number and positions of sulfate groups along the

polysaccharide chain—plays an important role.

GAG from natural sources are very inhomogeneous regarding their sulfation patterns

and molecular weight. Additionally, there is a high risk of contamination. This results

in a growing interest in the careful characterization of native GAG and the synthesis

of artificial GAG. Additionally, chemically oversulfated GAG analogues show many

favorable properties. However, the structural characterization of these carbohydrates

by mass spectrometry remains challenging. One significant problem is the sulfate loss

during the ionization, which increases with the number of sulfate residues.

We used the sulfated pentasaccharide fondaparinux as model substance to optimize

sample preparation and measurement conditions, compared different established

desalination methods and already existing protocols for sulfated oligosaccharides,

and investigated their impact on the quality of the mass spectra. After optimization

of the measurement conditions, we could establish a gentle and fast protocol for the

mass spectrometry characterization of (fully) sulfated, artificial GAG-like oligosaccha-

rides with minimized sulfate loss in the positive and negative ion mode. Here, the

negative ion mode was more sensitive in comparison with the positive one, and

fondaparinux species with sulfate loss were not detectable under the optimized

conditions in the positive ion mode.
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1 | INTRODUCTION

Glycosaminoglycans (GAG) as important building blocks of proteogly-

cans are major constituents of the extracellular matrix (ECM).1 GAG

vary not only in the length and the monosaccharide composition but

also in the type of the glycosidic linkages and the number and

positions of sulfate residues along the chains.2 Hyaluronan (HA) is the

only non-sulfated GAG and consists of repeating disaccharide units of

D-N-acetylglucosamine (GlcNAc) and D-glucuronic acid (GlcA) linked

by alternating β-1 ! 3 and β-1 ! 4 glycosidic linkages.3 All

other GAG are modified by post-translational modifications: in

particular, O-sulfation (sulfuric acid mono-ester) occurs resulting in

polysaccharides such as chondroitin sulfate (CS).4 N-sulfation, which

is typical of heparin, may also occur.5

These long, unbranched, often sulfated polysaccharides do not

only define the structure and biophysical properties of the respective

tissue but also affect the embedded cells via their surface receptors

and the interaction with different signaling molecules such as interleu-

kins and growth factors. Therefore, GAG possess a considerable influ-

ence on tissue development and morphogenesis.6–8 The interest in

GAG is not only based on the medical aspects of the native ECM9,10

and potential curative pathways: GAG additionally represent compo-

nents of artificial ECM for cartilage and bone regeneration11 as well

as targets for different pharmacological applications.12–15

Thereby, the function of GAG in the ECM is considered as mainly

structure-bearing by the significant water-binding capacity of

GAG.16,17 However, a variety of studies provided evidence of a spe-

cific binding between mediators and sulfated GAG, at which the

sulfation code—which means the number and positions of sulfate

groups along the polysaccharide chain—plays an important role.18

GAG are highly diverse because the sulfation pattern is the result

of post-translational modifications of the polysaccharide chain by

different sulfotransferases. Thus, GAG from native sources, such as

bovine or shark tissues, are rather inhomogeneous regarding not only

their monosaccharide composition and the chain length but also the

position and number of sulfate residues.19

The interest in (sulfated) GAG has considerably increased during

the last years. Besides their use in the treatment of musculoskeletal

diseases (such as arthrosis),20 selected GAG (such as heparin) are

also used as drugs—particularly due to their function as anticoagu-

lants.21 These effects are significantly depending on the sulfation

pattern of the applied GAG: the heparin contamination crisis22 has

tremendously emphasized this aspect and pointed out that the

chemical, as well as biochemical characterization of GAG, is

extremely important.23

Additionally, there are increasing indications that oversulfated

GAG are very promising molecules.24 For instance, there is evidence

that the coating of (metallic) implants with chemically oversulfated HA

improves the incorporation of the implant into the tissue: it is also

argued that these strongly acidic compounds specifically attract tissue

cells and favor in this way tissue regeneration, which additionally

improves the stability of the implant within the tissue.25

Oligosaccharides from natural GAG with a moderate extent of

sulfation can be routinely analyzed by either matrix-assisted laser

desorption/ionization time-of-flight (MALDI-TOF) or electrospray ion-

ization (ESI) mass spectrometry (MS). The probability of unwanted sul-

fate loss increases with the number of sulfate residues. Therefore,

oversulfated GAG (with more than one sulfate residue per carbohy-

drate unit) are much more refractive to MS analysis. In this case, even

using ESI as one of the softer ionization methods, this effect is a seri-

ous problem for the characterization of unknown samples because

sulfate loss cannot be neglected even with optimized measurement

conditions.26 To our best knowledge, all sulfated oligosaccharides

tend to undergo the loss of sulfate residues in the gas phase at MS

conditions, and this problem is, of course, the more pronounced the

higher the number of sulfate residues27 is.

In 2013, Zaia stated vibrational excitation as one reason leading

to the rearrangement of protonated sulfate residues, which results in

a loss of the functional group on the subsequently detected ion.28

This effect is pronounced to a lesser extent for (a) deprotonated sul-

fate residues or (b) residues capable of ion pairing to a stabilizing cat-

ion. For highly sulfated GAG oligosaccharides, this leads to highly

charged ion species in the negative ion mode because the charge state

z is equal to the number of sulfate residues—a strongly sulfated

oligosaccharide with more than four sulfate residues requires

high-resolution MS measurements because, otherwise, these ions

cannot be adequately characterized. This is a particular problem if

low-resolution mass spectrometers have to be used. Such mass

spectrometers are, however, exclusively available in many

laboratories, and thus, investigations on how optimum spectra can be

obtained are important.

Furthermore, the desalination of analytes with such high charge

density has to be carefully performed to provide a sufficient number

of stabilizing cations for the formation of positive ion species without

F IGURE 1 Chemical structure of
fondaparinux. D-GlcNS6S-α-(1,4)-D-GlcA-β-(1,4)-
D-GlcNS3,6S-α-(1,4)-L-IdoA2S-α-(1,4)-D-
GlcNS6S-OMe; MFpx = 1506.95 (monoisotopic)
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interfering with the quality of ESI mass spectra, for example. We

tested different desalination methods and optimized the measurement

conditions using a commercially available (in physiological

salt solution) model compound: fondaparinux is a synthetic

pentasaccharide with eight sulfate residues shown in Figure 1. It is

structurally similar to the heparin-binding motif for the anticoagulant

factor antithrombin III and widely used as an effective anticoagulant.29

From a mass spectrometrist's viewpoint, however, this molecule is ide-

ally suited as a model compound to study the sulfate loss in the gas

phase. Therefore, it has been already used as a model compound for

testing the performances of ionic liquid MALDI matrices30 as well as

ESI MS.31

Using this compound, we investigated the impact of different

desalination protocols on the shape and the quality of the ESI mass

spectra and the achievable sensitivity. In addition to sodium chloride,

we also used quaternary ammonium salts as alternative counterions

as described by Gunay et al.32 After optimization of the measurement

conditions for the positive and negative ion mode, we could establish

a gentle and fast method for the ESI MS characterization of artificially

sulfated GAG oligosaccharides by which particularly unwanted sulfate

loss could be minimized.

Further MSn investigations were not in the scope of this work

because the majority of our compounds of interest are persulfated

molecules, and with that, no positional isomers have to be distin-

guished. However, traditional CID (collision-induced) is normally not

the method of choice because the obtained fragment ion spectra are

normally dominated by peaks corresponding to the sulfate loss. There-

fore, more sophisticated methods are regularly used.33–35

Chemoenzymatic approaches were used to synthesize completely

sulfated or GAG oligosaccharides with defined sulfation patterns as

well as different end group functionalizations.36–38 This allows the

investigation of the influence of the number of sulfate residues and

the chain length on the binding affinity of GAG-derived oligosaccha-

rides to specific mediator proteins utilizing different methods such as

nuclear magnetic resonance (NMR) or hydrogen–deuterium exchange

(HDX) MS.39–43 A detailed characterization of these GAG analogues is

mandatory to enable the correct interpretation of the biological

effects of GAG upon their interactions with cells and proteins.

In a nutshell, our protocol enabled us to obtain reliable mass

spectra in both (negative and positive) ion modes and even for highly

negatively charged GAG derivatives with up to 16 sulfate residues.

According to our best knowledge, compounds with such a huge

number of sulfate residues were not yet investigated by MS.

2 | MATERIALS AND METHODS

2.1 | Materials

All chemicals for sample preparation and all solvents were obtained in

the highest commercially available purity from Sigma-Aldrich (now

owned by the Merck company) and used as supplied. Fondaparinux

(D-GlcNS6S-α-(1,4)-D-GlcA-β-(1,4)-D-GlcNS3,6S-α-(1,4)-L-IdoA2S-

α-(1,4)-D-GlcNS6S-OMe) was purchased from Glaxo Smith Kline as

12 mg ml−1 syringe solutions for direct injections with physiological

salt concentration (154-mM NaCl). HA oligosaccharides 1–9 (shown

in Figure 6) with defined sulfation patterns were obtained by

chemoenzymatic conversion of hyaluronic acid as described in

references.36–38

2.2 | Sample preparation

2.2.1 | Desalination via dialysis

Fondaparinux was desalted using Biotech cellulose ester tubing with a

molecular weight cutoff of 100–500 Da prior to ESI MS analysis.

Fondaparinux was dialyzed against deionized water for 5 days, similar

to the protocol described in Jen and Leary.31 In parallel, dialysis

against tetraethylammonium hydroxide solution (TEA OH) 0.1% (V/V)

was performed under identical conditions.

2.2.2 | Cation exchange

In order to replace all alkali ions by quaternary ammonia ions, a

Dowex 50WX8 (Sigma-Aldrich) strongly acidic cation exchange col-

umn (1.2 × 10 cm, containing the resin) was used. The sodium salt of

the analyte was dissolved in deionized water (Millipore) to a final con-

centration of 5 mg ml−1. The cation exchange column was equilibrated

with 4 ml of 2-M aqueous HCl and subsequently washed with

deionized water. Afterwards, 2 ml of the analyte solution was slowly

applied onto the column with a Pasteur pipette and then eluted with

water. At least four different fractions of 3 ml were collected and the

pH value was measured. The presence of carbohydrates was con-

firmed by a drop test: 0.5 μl of each fraction was spotted onto a stan-

dard (silica gel) thin layer chromatography (TLC) plate, which was

afterwards stained with orcinol/H2SO4.
44 The fractions of interest

were neutralized with TEA OH and one sample was kept as the

protonated form.

2.2.3 | Desalination via size exclusion column

The column (PD MiniTrap G-10-2.1 ml Sephadex G-10) was equili-

brated with 8 ml deionized water (Millipore). Afterwards, a maximum

of 0.35 ml of the analyte solution was applied onto the column and

subsequently eluted with water (Millipore). Fractions of 0.5 ml were

collected and the presence of the analyte was confirmed as described

above.

2.2.4 | Concentration determination

The concentration of the analyte after desalination was performed by

using the modified uronic acid carbazole reaction.45 For calibration,
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different samples with known concentrations of fondaparinux

were used.

2.3 | ESI MS measurements

Carbohydrate analysis was carried out by ESI MS by using an Amazon

SL ion trap (IT) mass spectrometer (Bruker Daltonics, Bremen, Ger-

many). Nitrogen was used as the nebulizer gas at 7.25 psi. The sam-

ples in methanol–water 1/1 (V/V) were introduced into the ESI

source via a syringe pump at two slightly different conditions: B1

(sample flow 3 μl min−1, dry gas temperature 180�C, dry gas flow

4 L min−1) and B2 (sample flow 5 μl min−1, dry gas temperature

200�C, dry gas flow 8 L min−1). Data acquisition and analysis were

performed using the programs TrapControl and DataAnalysis, respec-

tively (Bruker Daltonics, Bremen, Germany). All spectra were acquired

with a mass accuracy of about 10 ppm, that is, all m/z values show

deviations of ±0.01 m/z.

3 | RESULTS AND DISCUSSION

3.1 | Comparison of desalination protocols:
Duration and recovery rates

Because non-volatile salts such as NaCl and other alkali halogenides

have a strong (negative) impact on ESI and the quality of mass spectra,

desalination is a crucial step in the sample preparation for direct infu-

sion ESI MS. We employed three different approaches: desalination

via dialysis, cation exchange, and desalination via a size exclusion col-

umn (SEC). The molecular weight cut-off of the dialysis tube restricts

the minimal size of the analytes. Unfortunately, there is a considerable

loss of the (relatively small) oligosaccharides and the recovery rate

after dialysis is just about 20%. Sufficient desalination was achieved

after 5 days of dialysis against water as well as against a solution of

tetraethylammonium salts. In contrast, cation exchange is suitable for

a wide range of molecular weights, requires less time (about 2 h), and

yields the analytes exclusively in the protonated form. Nevertheless,

this confers a low pH value (lower than 2) that might induce unwanted

hydrolysis (degradation) of the carbohydrates. Neutralization with salt

solutions such as tetraethyl ammonium hydroxide prevents unwanted

degradation reactions. The recovery rate was about 35%. Gel filtration

or size exclusion chromatography (SEC) was the fastest among the

tested methods (around 30 min) and feasible for disaccharides already.

The recovery rate was around 40%. The desalination via SEC, how-

ever, was incomplete. The desalination capacity should be above 94%

according to the information provided by the manufacturer of the col-

umns. We tested this with measurement of the electrical conductivity

of SEC-desalinated fondaparinux samples (data not shown), and we

resulted in an extent of desalination of about 90%. These samples

were diluted with methanol 1:1 (V:V) down to 1.0 mg ml−1 carbohy-

drate, which is equal to an NaCl concentration of about 0.1 mg ml−1,

and were used for the optimization of the measurement conditions.

3.2 | ESI IT MS: Optimization

The measurement conditions were optimized separately for the two

(positive and negative) acquisition modes. The mass to charge (m/z)

range was as wide as possible (80–2,200 m/z) to make the optimized

conditions feasible for a wider mass range of analytes at a later stage.

The voltage on the capillary was varied between 500 and 5,000 V

during these measurements to find optimal conditions, that is, the

maximum of analyte intensity and minimum yields of fragmentation

products. Multiply charged intact analyte ion species are detected in

both polarity modes due to the polyelectrolyte character of the

analyte of interest and exhibit different numbers of counterions. The

detailed assignments of the m/z ratios are given in Table S1 and only

some selected peaks are assigned directly at the corresponding

spectra.

The dependency of the mass spectra on the measurement condi-

tions is illustrated in Figure 2. The mass spectra in the negative ion

mode (Figure 2, Traces 1 to 4) look very similar at the first glance: the

most intense signals between m/z 300 and 700 correspond to

multiply charged intact analyte ions, less intense smaller carbohydrate

fragment ions, and multiply charged analyte clusters. Comparing

Traces 1 and 3 (respectively 2 and 4) shows that the extent of analyte

clustering increases (expectedly) with the higher sample amount per

time but is also affected to an even higher extent by the trap drive

level, which will be explained below in more detail.

These differences are even more pronounced in the positive ion

mode: the mass spectra provide evidence of abundant sodium chlo-

ride clusters beside multiply charged analyte ions for a trap drive level

of 50% (Trace 5), which complicated the assignment of the signals.

These sodium chloride clusters are not detectable for 100% trap drive

level under otherwise identical conditions (Trace 6). In contrast, the

formation of multiply charged analyte clusters for higher sample flow

rates is not affected by the higher trap drive level (Trace 8). Table 1

shows the corresponding parameters as well as the percentages of

the assigned ion species, the extent of sulfate loss, cleavage of

glyosidic linkages, sodium chloride, and analyte clusters and intact

analyte ion species. Furthermore, the assignment and the signal inten-

sity of the most abundant intact analyte ion species is given, which

confirms clear differences in sensitivity.

The trap drive level as one parameter of the smart parameter set-

ting (SPS) of the used ESI IT mass spectrometer measures the ampli-

tude of the main high radio frequency voltage on the ring electrode of

the IT, which generates the pseudopotential at which the ions are

moving. The trap drive level depends on the used frequency and other

measurement and device-specific parameters. In general, trapping ions

with higher m/z ratios requires higher trap drive levels, which also

depends on the kinetic energy of the ions and with that on the

upstream ion optics. The parameter compound stability as a parameter

of the ion optic for the gentle ion transfer into the IT was set to 50%

in all the discussed experiments with highly sulfated oligosaccharides.

The selected trap drive level has a more pronounced impact on the

signal intensities than the electrospray conditions even though B2

brings more analyte molecules to ionization than B1. A trap drive level
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of 100% results in higher signal intensities than 50%. Again, the nega-

tive ion mode is characterized by a typical behavior, which differs

from positive ion detection: higher signal intensities are achieved with

a trap drive level of 50%. A simple explanation is the suppression of

analyte signals in the positive ion mode due to (residual) NaCl

clustering. Relatively harsh trap conditions with 100% trap drive level

discriminate these clusters during the trapping. This allows more ana-

lyte ions to accumulate in the trap and their subsequent detection,

even as clusters at high sample concentrations. This also applies for

negative polarity; however, the measurements provide evidence that

the negative ions are more sensitive to fragmentation and undergo

elevated loss of sulfate groups. Hence, a lower trap drive level of 50%

F IGURE 2 Electrospray ionization ion trap mass spectra of fondaparinux. Recorded in the positive and negative ion mode for two different
(flow rate) electrospray conditions and trap drive levels, respectively. The utilized conditions were B1 (sample flow 3 μl min−1, dry gas
temperature 180�C, dry gas flow 4 L min−1) and B2 (sample flow 5 μl min−1, dry gas temperature 200�C, dry gas flow 8 L min−1). The mass
spectra in negative ion mode show series of multiply charged analyte ions (different charge states and different amount of sodium counterions)
beside a series of multiply charged analyte clusters differing in the number of sodium atoms as well as small amounts of smaller fragment ions due
to in-source decay of the glycosidic bonds. The mass spectra in positive ion mode exhibit series on sodium chloride clusters, multiply charged
analyte ions, and analyte clusters. Detailed assignments of the observed m/z ratios can be found in Table S1, whereas only the most intense peaks
are assigned at the respective mass spectra

LEMMNITZER ET AL. 5 of 11



leads to reduced fragmentations and, consequently, more intact

analyte ions.

Figure 3 shows the impact of the capillary high voltage on the

intensity of the intact analyte ion species. Here, the signal intensities

in the positive ion mode correlate directly with the high voltage

applied to the capillary, whereas the intensities in the negative ion

mode exhibit a maximum at about 3,500 V and higher voltages lead to

a reduction of the peak intensities.

3.3 | Comparison of desalination protocols: ESI IT
mass spectra

The fondaparinux samples after different desalination protocols give

very different mass spectra under the optimized measurement con-

ditions as illustrated in Figure 4. It is evident that the number and

the type of the counterions determine the stability and the forma-

tion of adducts of the analyte during the ionization process and, of

course, lead to different m/z ratios, which can be easily differenti-

ated even at poor resolution and poor mass accuracy. Fondaparinux

can be detected at our experimental conditions in the negative ion

mode regardless of the used desalination method. Of course, the

counterions and thus the observed adducts are different: residual

NaCl leads to intense sodium adducts after dialysis against water

(1) and size exclusion chromatography (5) and the most intense

signals correspond to multiply charged ions [M-8H + 4Na]4− at m/z

397.65 and [M-6H + 3Na]3− at m/z 537.90. Residual TEA leads to

similar ion formation: [M-10H + 5TEA]5− at m/z 429.49,

[M-10H + 6TEA]4− at m/z 569.69, and [M-10H + 7TEA]3− at m/z

803.00 as in (2) and (4).

Cleavage of the glycosidic linkages and loss of sulfate groups

occur in the absence of a sufficient number of counterions, that is,0

[M-3SO3-3H]3− at m/z 421.30, [M-4SO3-4H]3− at m/z 394.64,

[Y1-SO3H]1− at m/z 271.97, and [Y4-4SO3 + 3Na-4H]2− at m/z

464.99. This is particularly the case after cation exchange without

neutralization (3), and intact analyte ion species are not detectable at

TABLE 1 Results of electrospray ionization mass spectrometry of selected fondaparinux samples

Cond. tdl Assigned % Intact

% Fragment

ions

% SO3

loss

% NaCl

cluster

% M

cluster

Imax/Mio.

counts m/z z Assignment

− B1 50% 96% 90% 9% 2% 0% 0% 11,6 552.56 3 M + 7Na

− B1 100% 98% 57% 12% 8% 1% 23% 7,2 552.56 3 M + 7Na

− B2 50% 98% 76% 11% 5% 0% 8% 10,8 552.56 3 M + 7Na

− B2 100% 89% 53% 17% 12% 0% 17% 5,8 408.64 4 M + 6Na

+ B1 50% 40% 66% 0% 0% 34% 0% 0,2 886.33 2 M + 12Na

+ B1 100% 99% 99% 0% 0% 1% 0% 5,8 915.33 2 M + 12Na + NaCl

+ B2 50% 95% 89% 0% 0% 8% 0% 1,6 915.34 2 M + 12Na + NaCl

+ B2 100% 94% 85% 0% 0% 0% 15% 6,8 945.33 2 M + 12Na + 2NaCl

Note. The utilized conditions were B1 (sample flow 3 μl min−1, dry gas temperature 180�C, dry gas flow 4 L min−1) and B2 (sample flow 5 μl min−1, dry gas

temperature 200�C, dry gas flow 8 L min−1) in both polarities (+, −). Furthermore, two different values for the trap drive level (tdl) were used (50% and

100%). The moieties of intact analyte ions, fragment ions, sulfate loss, and clusters on the overall assigned signals are given. In addition to the intensities of

the base peaks, the m/z value, the charge state, and the assignment are also given. All values are given with an estimated mass accuracy of ±0.01 m/z.

F IGURE 3 Intensity of the most intense signal in the electrospray ionization mass spectra of fondaparinux in dependence on the high voltage
applied to the capillary. In the positive ion mode, a clear dependency of the signals on the capillary voltage with increasing intensities for higher
voltages is obvious (left). The signal intensities in the negative ion mode show a maximum at about 3,500 V (right). Overall, the negative ion mode
provides higher signal intensities and is thus more sensitive towards fondaparinux and similar analytes. (tdl, trap drive level; B1: sample flow
3 μl min−1, dry gas flow 4 L min−1, dry gas temperature 180�C; B2: sample flow 5 μl min−1, dry gas flow 8 L min−1, dry gas temperature 200�C)
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these conditions. The neutralization with TEA OH (Trace 4) stabilizes

the analyte during the ionization process, which excludes severe

hydrolysis of the sulfoesters under the acidic conditions during the

desalination process.

This effect is more pronounced in the positive ion mode: most

intense signals can be assigned to fragment ions, that is, [Y3-4SO3]
1+

at m/z 691.15, [Y3-3SO3]
1+ at m/z 771.10, [Y1-1SO3]

1− at m/z

274.04, or species after losses of several sulfate residues such as

[M-5SO3-1H]1− at m/z 1108.17 after cation exchange without any

neutralization (3). The in-source decay of the carbohydrate as a cleav-

age of the glycosidic bonds is very prominent under these conditions

and is observable in both polarities. Fragment ions are labeled using

the nomenclature of Domon and Costello.46 A survey of the detected

fragment ions is given in Figure S3.

Again, dialysis against water (1) and size exclusion chromatog-

raphy (5) result in very similar, clean mass spectra with the base

peak at m/z 864.42 assigned to [M-12H + 10Na]2+. The positive

ion mass spectra show very intense signals of the [TEA]+ at m/z

130.15 in the case of volatile TEA as counterion, that is, after

dialysis against TEA OH (2) and after cation exchange and

neutralization with TEA OH (4). These signals discriminate the

analyte signals at about m/z 1,500. Detailed assignments of the

F IGURE 4 Electrospray ionization (ESI) mass spectra of selected fondaparinux samples after different desalination protocols. The ESI ion trap
mass spectra of fondaparinux after five different desalination protocols were recorded in both polarities (+, −) under the corresponding optimized
measurement conditions mentioned above. Sample preparations: dialysis against water (1), dialysis against a 5% TEA OH solution (2), cation
exchange without neutralization (3), or using neutralization with TEA OH (4) afterwards as well as desalination via size exclusion (5). The sample
concentration for the measurements was 1 mmol L−1. Detailed assignments of the observed m/z values can be found in Table S2
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peaks detected in the respective mass spectra are available in the

supporting information.

3.4 | Comparison of desalination protocols: ESI IT
MS sensitivity

The positive and negative ion mass spectra of fondaparinux after the

different desalination protocols were recorded for seven different

analyte concentrations ranging from 1 μmol L−1 to 1 mmol L−1 to esti-

mate the sensitivity of ESI MS towards highly sulfated oligosaccha-

rides. A comparison of these intensities is shown in Figure 5, except

the cation exchange samples without neutralization, because no intact

analyte ion species are detected at these conditions at all, indepen-

dent of the polarity. The mass range is m/z 80 to 2,200 for both the

positive and the negative ion mode. Because TEA ions give a very

intense but unwanted signal at m/z 130 in the positive ion mode, a

second set of mass spectra was recorded with a limited range of m/z

400 to 2,200. In all cases, the negative ion mode yields higher intensi-

ties compared with the corresponding measurements in the positive

ion mode.

Intact fondaparinux ions are detectable down to 1 μmol L−1 in

both detection modes after desalination by dialysis against water.

Size exclusion chromatography yields similar results, though it is less

sensitive with the analyte not being detectable in the positive ion

mode at the lowest tested concentration. The picture changes for

TEA as the counterions: intact analyte ions are detectable in the neg-

ative ion mode after dialysis against TEA solution and after cation

exchange to TEA, but with a much lower sensitivity compared with

the other two desalination methods. There are no positively charged,

intact analyte ions detectable at all for the extended measuring range

and only low yields for the higher sample concentrations in the case

of the limited measuring range. This is due to the intense TEA+

signals at m/z 130 and other TEA clusters suppressing the analyte

ions of interest.

The intensity of the intact analyte ion species peak is higher for

lower concentrations in the case of negative ion detection after cation

exchange with TEA, indicating a dilution effect: with slightly smaller

amounts of analyte, improved effects can be obtained because the

suppressing TEA signals are less intense. Even after dialysis, the dilu-

tion effect is observable and points out that an optimal ratio between

counterions and analyte molecules is hard to obtain with TEA as the

counterions. Therefore, we discarded this approach for further inves-

tigations and used size exclusion desalination for faster and reliable

measurements.

3.5 | Characterization of defined or fully sulfated
GAG oligosaccharides with different anomeric
functionalizations

In the case of carbohydrates with a defined sulfation pattern or

completely sulfated oligosaccharides with different anomeric ligations,

fast and reliable MS characterization is desirable, because a reliable

statement regarding the number of sulfate residues and the attached

anomeric functional groups can be made directly from the measured

F IGURE 5 Intensities of the most intense intact ion peaks of fondaparinux in the electrospray ionization mass spectra. Four different
desalination protocols were evaluated: dialysis against water (dia H2O), dialysis against TEA OH solution (dis TEA), cation exchange to TEA
counterions (cation exchange TEA), and size exclusion chromatography. In each case, the intensities of the most abundant intact analyte ion
species were monitored for the positive and the negative ion mode in a large measuring range between 80 and 2,200 m/z (pos and neg) as well as
for positive ion mode in a restricted measuring range, that is, between 400 and 2,200 m/z (pos 2). The cation exchange without neutralization is
not shown because only fragment ions were detected independent of the polarity. The sample concentration was varied between 1 μmol L−1 and
1 mmol L−1 (n.d. = not detected)
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m/z ratio. Based on this work, artificially sulfated HA oligosaccharides

with different anomeric ligations were characterized using ESI

MS. These were defined sulfated species with different degrees of

polymerization from disaccharides to hexasaccharides. In addition to

azides and thiols, tetramethyl rhodamine labels were also introduced

by anomeric ligation; these structures are shown in Figure 6. Further-

more, two maleimides and three acrylates were characterized during

this work (structures not shown). Mass spectra and the corresponding

assignments can be found in the supporting information.

The different end groups, which cause different physicochemical

properties and thus change the MS properties, were challenging. For

example, in the case of the azide complexes, a mass loss of Δm/z = 43.02

was found. This corresponds to a loss of HN3 caused by in-source frag-

mentation during the ESI process as described in the literature before.47

F IGURE 6 Chemical structures of defined sulfated oligohyaluronans with different functionalizations of the anomeric end. These compounds
differ not only in their molecular weight between �800 and 3,500 Da but also in the number of sulfate residues. 1 5s-HA-2-N3: 2,3,4-tri-O-sulfo-
β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-1-azide; 2 9s-HA-4-N3: 2,3,4-tri-O-sulfo-β-D-
glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3-di-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,
6-di-O-sulfo-β-D-2-acetamido-1,5-anhydro-2-deoxy-sorbitol; 3 2s-HA-4-N3: β-D-glucopyranuronyl-(1à3)- β-D-2-acetamido-2-deoxy-6-sodium
sulfo-glucopyranosyl-(1à4)- β-D-glucopyranuronyl-(1à3)- β-D-2-acetamido-2-deoxy-6-sodium sulfo-glucopyranosyl-1-azide; 4 9s-HA-4-triazol:
2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3-di-O-sulfo-β-D-
glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-1,2,3-triazol; 5 13s-HA-6-N3: 2,3,4-tri-O-sulfo-β-D-
glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,
6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3-di-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-
2-deoxy-glucopyranosyl-1-azide; 6 9s-HA-4-TAMRA: 2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-
glucopyranosyl-(1à4)-2,3-di-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-1,2,3-triazol-4-yl-
methyl-2-carbamoyl-5(6)-carboxytetramethylrhodamine; 7 9s-HA-4-SMe: 2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-
2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3-di-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-
glucopyranosyl-1-thio-methyl; 8 13s-HA-6-TAMRA: 2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-
glucopyranosyl-(1à4)-2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-2,3-di-O-

sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-1,2,3-triazol-4-yl-methyl-2-carbamoyl-5(6)-
carboxytetramethylrhodamine; 9 2,3,4-tri-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-(1à4)-
2,3-di-O-sulfo-β-D-glucopyranuronyl-(1à3)-4,6-di-O-sulfo-β-D-2-acetamido-2-deoxy-glucopyranosyl-1-thio-2-ethyloxy-2-ethylox-2-ethyl-
disulfide. The corresponding mass spectra in the positive ion mode for all compounds of interest and in negative ion mode for selected
compounds as well as the assignments of the detected peaks are given in Table S4
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Because the sulfate group loss in the positive ion mode is almost

negligible under these optimized ESI conditions, it would be desirable

for the determination of the position of the sulfate groups in the case of

defined sulfated derivatives if fragmentation by means of MS2 would

provide the desired positional information. However, fragmentation of

the corresponding positive ions did not lead to a satisfactory result: all

the spectra were dominated by peaks corresponding to sulfate loss,

whereas all other peaks were characterized by poor intensities.

4 | CONCLUSION

In the present work, we established an improved protocol for the

characterization of oligosaccharides with defined sulfation patterns

via ESI MS, which is suitable for different numbers of sulfate groups,

molecular weights, and end group modifications and yields a mini-

mized extent of side reactions such as sulfate loss or other in-source

decay reactions.

The already established methods for desalination and ESI MS mea-

surements are often optimized for a particular molecular weight, which

limits their applications for a broader range of similar analytes: in our

case, the molecular weight cut-off of the dialysis material excludes

smaller analytes such as disaccharides due to the very low recovery

rates. Cation exchange is much more difficult for analytes with, for

instance, acidic functional groups. Using small size exclusion columns is

relatively fast and suitable for a broad range of molecular weights.

Finally, the remaining sodium chloride (as the consequence of incom-

plete desalination) provides a sufficient number of counterions to stabi-

lize the sulfate residues and the glycosidic bonds during the ionization

process. Therefore, SEC is the method of choice for the discussed

oligosaccharides—at least among the discussed desalination methods.

Our findings illustrate that highly sulfated oligosaccharides

behave very differently depending on the polarity: the negative ion

mode is much more sensitive at the optimal capillary voltage than the

positive ion mode. However, the negatively charged ions are more

sensitive towards glycosidic bond cleavage and sulfate loss. In con-

trast, positively charged ions are more stable. To generate these posi-

tive ions, a sufficient amount of counterions is indispensable, which

could lead to sodium chloride clusters and TEA contaminations and

therefore has to be carefully adjusted.
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