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ABSTRACT

The desolvation and ionization process of analytes can significantly be improved by
enriching the nebulizing gas with a dopant (dopant enriched nitrogen (DEN)-gas) in
the electrospray source. However, for the analysis of released glycans in negative
ion mode, the usage of DEN gas remains largely unexplored. For this purpose, we
investigated the effect of different polar protic solvents (methanol, ethanol and
isopropanol) as well as using solely the nebulizing gas or ambient air on the
ionization and charge state distribution of released N- and O-glycans. Compared to
the standard acetonitrile enriched nitrogen gas, isopropanol showed the highest
increase in regards to peak areas. Moreover, it showed large benefits for the
identification of glycan structures at high sensitivity as the increased precursor
intensities subsequently resulted in higher intensities in tandem MS mode. While
similar effects are noted for both neutral and sialylated species, the most significant
effect was observed for early eluting glycans where very low acetonitrile
concentrations were present in the eluent. The best results in terms of S/N ratios
were obtained with methanol, with less effect on the MS/MS signal enhancement.
Therefore, the use of this dopant would be particularly beneficial for high sensitivity
MS-mode applications. In conclusion, isopropanol enriched DEN gas greatly
improves the detection of both N-and O-glycan species, their tandem mass specitra,
particularly for the early eluting species whose ionization in the absence of DEN gas
is hindered by low organic concentrations.
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INTRODUCTION

Liquid chromatography coupled to mass spectrometry (LC-MS) has become a leading
analytical platform for the identification and (relative) quantification of a wide range of
compounds at high sensitivity. For the latter, ionization efficiency is of key importance.
Because this is largely regulated by the electrospray ionization (ESI) process at the
interface of the LC-MS, optimization of the mobile phase can already significantly
improve the ionization of specific analytes'. With the addition of solvent vapors at the
ion source, the ionization efficiency can be further improved2. To this end, the
nebulizing gas (nitrogen; N2) will be enriched with a solvent vapor that is guided around
the spray emitter and spray plume to enhance the nebulization and desolvation
process®. This approach is of specific interest for the glycomic field as carbohydrates
usually ionize less efficiently than various other analytes due to their hydrophilic
nature. Specifically, applications using acetonitrile (MeCN) as a dopant in positive
ionization mode, revealed a 25-fold increase in sensitivity for the analysis of
glycopeptides*5.

Porous graphitized carbon (PGC) nano-nanoLC-MS, where the ESI is operated in
negative ion mode, is a very powerful platform for the analysis of N- and O-glycan
alditols featuring glycan isomer separation®®. However, the usage of a dopant
enriched nitrogen (DEN) gas remains largely unexplored for these applications. When
compared to positive-ion mode, apart from the often higher ionization efficiency of
sialylated and sulphated glycan species, the main benefit of negative mode is its ability
for in-depth characterization of linkage isomers as the deprotonated glycan fragments
provide not only glycosidic but also cross-ring fragments in tandem MS®°. However, it
has been observed that the early eluting species have less ionization efficiency in
PGC-LC-MS due to low MeCN concentrations in this elution range'°. This particularly
affects early eluting N-linked glycans as well as O-linked glycans such as T and
sialylTn antigens. Thereby, these very important tumor antigens might be
underrepresented or completely missed in the analysis.

Previous studies have attempted to account for this issue using post column make-up
flow (PCMF) for capillary flow PGC-LC where MeCN and isopropanol (IPA)-based
PCMF increased signal response, decreased variation and improved MS/MS spectral
quality compared to reference approach without PCM''. A recent study has employed
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the usage of DEN gas for the analysis of N-glycans with capillary zone electrophoresis
(CZE), coupled to electrospray ionization mass spectrometry in negative ion mode and
observed a significant increase in MS signals'2. However, little is known about the
effect of different dopants supplemented directly into the MS source for the PGC-
nanoLC analysis of both N- and O-glycans in negative ion mode.

Here, we explore the effect of various DEN gas conditions on the ionization and charge
state distribution of glycans in negative ion mode. For this purpose, different dopant
solvents (methanol (MeOH), ethanol (EtOH) and IPA) as well as using the nebulizing
gas unaccompanied or using solely ambient air were compared to the standard MeCN
enriched nitrogen gas. Therefore, the aim of this study was to provide a systematic
overview of the different dopant choices based upon the needs and the analytes

present in the sample.

MATERIALS AND METHODS

CHEMICALS

Glacial acetic acid, IPA (> 99.9% Chromasol LC-MS, cat: 34965-2.5L) and potassium
hydroxide (KOH) were purchased from Honeywell Fluka. EtOH (Reag. Ph. Eur, Prod.
Nr: 1.00983.1000) and mucin from bovine submaxillary glands (BSM), type I-S was
purchased from Merck (Darmstadt, Germany). MeCN (Ultra LC-MS, Art. Nr:
801023802) and MeOH (Ultra LC-MS, Art. Nr: 813013802) were purchased from Actu-
All Chemicals (Oss, the Netherlands). Peptide N-glycosidase F (PNGase F) was
obtained from Roche Diagnostics (Mannheim, Germany). Ammonium bicarbonate
(ABC), trifluoroacetic acid (TFA), fetuin from fetal bovine serum (FBS), cation-
exchange resin Dowex (50W-X8), hydrochloric acid (HCI), sodium borohydride
(NaBH4), DL-dithiothreitol (DTT) and ammonium acetate and were obtained from
Sigma-Aldrich (Steinheim, Germany). Bulk sorbent Carbograph was obtained from
Grace Discovery sciences (Columbia). Ultrapure water was generated from a Q-Gard
2 system, MultiScreen HTS 96-well plates (hydrophobic Immobilon-P PVDF
membrane), 96-well PP Microplate were obtained from Millipore (Amsterdam, the
Netherlands). 96-well PP filter plate from Orochem Technologies (Naperville, IL).
Immunoglobulin G from human plasma was purchased from Athens Research &
Technology (Georgia, USA). Sialylated fetuin N-linked alditols standard was obtained
from Dionex (Thermo Fisher, CA, USA)
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N- AND O-GLYCAN RELEASE FROM PURIFIED GLYCOPROTEINS

Twenty pg of purified glycoproteins IgG, bovine fetuin and bovine submaxillary mucin
were blotted onto separate wells of preconditioned hydrophobic Immobilon-P PVDF
membrane. Both N- and O-glycans were released from the glycoproteins as described
before's. Detailed information about N- and O-glycan release is provided in
Supporting Information 1, S-1. Abundances of glycans per replicate per condition
are available in Supporting Information 2, Table S-1. Averaged relative abundances
of glycans per condition are listed in in Supporting Information 2, Table S-2 (N-
glycans) and Table S-3 (O-glycans). Raw data is available online at
https://glycopost.glycosmos.org/preview/17497542156058d85d3a5¢c2.

MEASUREMENTS WITH PGC-LC-MS/MS USING DIFFERENT DOPANT SOLVENTS

Analysis was performed using a PGC nano-LC Ultimate 3000 UHPLC system
(Dionex/Thermo, Sunnyvale, CA) coupled to an amaZon ETD speed ion trap (Bruker
Daltonics, Bremen, Germany). The samples were re-dissolved in 20 L of water prior
to analysis. The released N-glycans from IgG and fetuin were mixed together in ratio
1:1 and 1 pL of the mixture was injected into the system. An estimate of the injected
amount is shown in Supporting Information 2, Table S-4. Furthermore, 1 uL of the
released O-glycans from BSM was injected for analysis. The glycans were separated
on a custom-made PGC column. The LC system was coupled to an amaZon ETD
speed ESI ion trap MS using the CaptiveSpray™ source (Bruker Daltonics) in
negative-ionization mode. The drying gas (N2) temperature was set at 280 ‘C and the
flow to 3 L/min. The nebulizer gas pressure was kept at 3 psi (for all conditions except
for ambient air). The nanoBoosterTM bottle (Bruker Daltonics) was filled with different
dopant solvents, namely MeOH, EtOH, IPA and MeCN. The measurements were
performed by filling the bottle with 800 mL solvent, and the level of the dopant inside
the bottle was never below 500 mL. Detailed information about the LC-MS/MS settings
is provided in Supporting Information 1, S-1.

RESULTS AND DISCUSSION

EFFECT OF DOPANT SOLVENTS ON THE IONIZATION OF N-GLYCANS

Compared to the standard MeCN enriched nitrogen gas, all the polar protic solvents
tested (IPA, followed by EtOH and MeOH) gave an approximately 8-fold increase in
peak areas for the selected 15 most abundant N-glycans released from IgG and
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bovine fetuin glycoproteins (Figure 1A). Similar effects were detected for the neutral
and sialylated glycans. However, significantly higher effect on the peak area is seen
for the tetrasialylated early eluting glycan with composition H6N4S4a. Our data also
shows that the increase in peak areas comes with a slight decrease in signal to noise
(S/N) ratios for EtOH and IPA compared to the standard MeCN approach (Figure 1B).
From the polar protic solvents, the S/N ratios are the highest when MeOH is used as
dopant. The relative abundance remains rather consistent between the different
conditions (Supporting Information 1, Figure S-1A). While, limited research has
been performed about the usage and composition of DEN gas for the analysis of N-
glycans in negative mode, previous research showed an increased response of
glucose in negative ion mode when MeOH was employed as organic co-solvent
compared to MeCN'4. This effect has been attributed to different physical properties
of these solvents, relevant for ESI, such as surface tension, vapor pressure and gas
phase thermochemistry. Of note, only a single monosaccharide has been used to
study these effects, in contrast to our study which studies the effect of MeOH addition
on a broad range of N- and O-glycans. Moreover, a study investigating the effect of
polar protic (MeOH and water) and polar aprotic (MeCN and acetone) solvents on
ionization of small acidic molecules revealed that the compounds ionized better in
polar protic solvents, leading to increased sensitivity and lower limits of detection’®.
The effect was consistent in flow injection experiments, when pure solvents were used.
However, analytes eluting at low organic concentrations showed less pronounced
increase in response and sensitivity when MeOH was used as the organic mobile
phase in gradient chromatographic separations. Similarly, Henriksen et al., have
shown that most of the tested acidic analytes ionize better in negative ion mode when
infused in pure MeOH than MeCN, which was attributed to the protic nature of MeOH,
a stronger solvation of negative ions and ion pairs results in more deprotonated
molecules’®. Intriguingly, they have also observed that the benefits of MeOH on the
ionization are gone in aqueous mixtures in LC separations. This might explain why in
a similar investigation for capillary-flow PGC-LC-MS/MS, the authors observed very
similar signal intensities for the N- and O- glycans when using MeCN or polar protic
solvent (MeOH and IPA) using PCMF'!. This finding emphasizes the advantage of our
approach, where there is a clear benefit of an alcohol enriched nebulizing gas even
for the aqueous based separations. On the other hand, compared to the reference
MeCN approach, the setup using solely N2 gas or ambient air, shows similar results
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Figure 1. Effect of different dopant solvents on N-glycans. (A) The fold change of the

area under the curve relative to the reference approach (MeCN enriched Nz) and (B) Fold

change of S/N ratios relative to the reference approach (MeCN enriched Nz) for the 15 most

abundant N-glycans derived from IgG and bovine fetuin (# = 3). The error bars represent

the standard deviation from the mean of the technical replicates (# = 3). The glycans are

ordered based upon their elution time. H-Hexose, N- N-acetylhexosamine, F-deoxyhexose,

S- N-acetylneuraminic acid, Sg- N-glycolylneuraminic acid.

or even a decrease in peak areas for most of the glycans studied. Recently, a study
employing DEN gas in CZE coupled to MS in negative ion mode demonstrated that
IPA based DEN gas outperforms MeCN, leading to up to 40-fold increase in peak
areas for larger neutral glycans'2. An effect on the charge state distribution of glycans
was also observed as illustrated in Figure 2. The polar protic solvents (IPA, MeOH
and EtOH) show the main boosting effect on the doubly charged species of the
analytes (Figure 1A, Supporting Information 2, Table S-5), making them the most
dominant species per analyte (Figure 2B). Nonetheless, increased peak areas were
also observed for the triply charged species, compared to reference approach.
Consequently, S/N of the fragment ions were enhanced as well (Supporting
Information 2, Table S-6). Interestingly, the triply charged species are relatively more
abundant in the approaches that do not use dopant solvents (N2 and ambient air).
While the polar protic solvents showed this charge state effect in our DEN gas setup,

a similar effect has not been observed in a previous PCMF setup''. Moreover, another
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Figure 2. Effect of different dopant solvents on the charge state
distribution of N-glycans. (A) Area under the curve and (B) relative
abundance of doubly and triply charged species of (1) HGN5S3 and
(2)HE6N5S4 observed during PGC-LC-MS (N= 3).
study revealed that IPA based DEN gas showed an increase in ratios of abundances
for triply and doubly charged species compared to conventional CZE-MS'2. The
differences between our study and these could be explained by the different solvent
compositions during ionization as compared to the post column solvent

supplementation in the PCMF study'!, and no gradient elution in the CZE study'2.

EFFECT OF DOPANT SOLVENTS ON THE IONIZATION OF O-GLYCANS

Overall, the O-glycan analysis benefitted a lot from the use of DEN gas. The effects of
the dopant solvents were further investigated on a wider range of analyte sizes and
elution times. For this purpose, the absolute peak areas of the five most abundant O-
glycan species in BSM were investigated over three retention time (RT) windows.
Similar to the N-glycans, polar protic solvents (IPA, MeOH and EtOH) provide
approximately a 5-fold increase in peak areas compared to MeCN for all O-glycans in
RT windows 2 and 3 (Figure 3A). While similar S/N ratios were obtained for the O-
glycans with all dopants (Figure 3B), MeOH shows approximately a 4-fold increase
compared to the reference MeCN condition. Therefore, this dopant should be
considered for applications that require high sensitivity. While IPA and EtOH provide
higher relative areas of early eluting O-glycans, the non-enriched N2 and ambient air
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Figure 3. Effect of different dopant solvents on O-glycans. (A) The fold change of the
area under the curve relative to the reference approach (MeCN enriched N2) and (B) Fold
change of S/N ratios relative to the reference approach (MeCN enriched Nz) for the BSM O-
glycans (/ = 3) in three retention time windows corresponding to different gradient solvent
composition RT1: 2-10% MeCN, RT2: 10- 15% MeCN, RT3: 15-26% MeCN. The error bars
represent the standard deviation from the mean of the technical replicates (N = 3). The
glycans are ordered based upon their elution time. H- Hexose, N- N-acetylhexosamine, F-
deoxyhexose, S- N-acetylneuraminic acid, Sg- N-glycolylneuraminic acid.

showed higher relative areas of later eluting glycans (Supporting Information 1,
Figure S-1B). This clearly illustrates that the boosting effect of the dopants is
dependent on the elution time of the glycans as shown in Figure 4. It has been
reported previously that early eluting species in the PGC-LC-MS setup ionize less due
to the low organic content in the gradient'®. Therefore, it is important to note that the
most significant effect of all dopants can be seen on the glycans eluting in the first 10
min of the gradient, e.g. sialyl Tn occupied with an N-acetylneuraminic acid or N-
glycolylneuraminic acid. Those glycans elute at very low concentrations of MeCN and
therefore the ionization of these compounds is expected to be significantly lower
compared to the later eluting species!. It should be noted that the retention of these
glycans to the PGC stationary phase is limited, therefore high coefficient of variations
(CVs) in this region are expected. Overall, the peak areas are significantly lower if no
dopants are used (solely N2 or ambient air). Therefore, for high-sensitivity detection of
these compounds, the use a dopant setup is advisable. IPA as dopant solvent gives

the most pronounced boosting effect, increasing the precursor intensities which is
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Figure 4. Early eluting glycans show the highest boost with DEN gas.

The fold change of the area under the curve with different dopant solvents

for both N-and O-glycans as a function of the percent of MeCN in the elution

gradient.
reflected in the quality of the fragmentation spectra as exemplified for the early eluting
O-glycans in Supporting Information 1, Figure S-2 and S-3. The MS/MS spectra
measured with IPA showed many fragments useful for structural determination of the
glycan and in addition their S/N were significantly improved compared to both MeOH
and MeCN (Supporting Information 2, Table S-7). While similar fragments were
observed in the spectra with MeOH as a dopant, the improved MS2 data obtained with
IPA provided higher confidence in the identification of the glycan isomers due to the
higher number and quality of informative fragment ions. While the proposed
adaptations give considerable benefit for the analysis of released glycan alditols in
negative ionization mode, these benefits may in in part depend on the specific
electrospray ionization source. In recent years DEN gas has been successfully
adapted to different Bruker electrospray sources and sprayers, as well as to other
types of mass spectrometers'!?. Although alcohol-based DEN gas significantly
improves the signal for both N- and O-glycans in negative ion mode, analysis of limited
sample amounts are still challenging and further optimization is needed. Moreover,
future studies should focus on improving the charging of highly sialylated species, to

obtain informative MS/MS spectra.
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CONCLUSION

In this study, we demonstrated that the usage of polar protic solvents as dopants, such
as IPA, EtOH and MeOH, have a beneficial effect on the ionization of both N- and O-
glycans in negative ion mode compared to the reference MeCN enriched nitrogen gas.
While, IPA shows the highest effect on peak areas, increasing the precursor
intensities, resulting in higher intensities of fragment ions, therefore showing large
benefits for the identification of glycan structures. MeOH provides the best results in
terms of S/N ratios, therefore this dopant would be particularly beneficial for high
sensitivity MS-mode applications.
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