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Abstract
High-field asymmetric waveform ion mobility spectrometry (FAIMS) is shown to be capable of
resolving isomeric and isobaric glycosaminoglycan negative ions, and to have great utility for the
analysis of this class of molecules when combined with Fourier transform ion cyclotron resonance
mass spectrometry (FTICR-MS) and tandem mass spectrometry. Electron detachment dissociation
(EDD) and other ion activation methods for tandem mass spectrometry can be used to determine
the sites of labile sulfate modifications and for assigning the stereochemistry of hexuronic acid
residues of GAGs. However, mixtures with overlapping mass-to-charge values present a
challenge, as their precursor species cannot be resolved by a mass analyzer prior to ion activation.
FAIMS is shown to resolve two types of mass-to-charge overlaps. A mixture of chondroitin
sulfate A (CSA) oligomers with 4–10 saccharides units produces ions of a single mass-to-charge
by electrospray ionization, as the charge state increases in direct proportion to the degree of
polymerization for these sulfated carbohydrates. FAIMS is shown to resolve the overlapping
charge. A more challenging type of mass-to-charge overlap occurs for mixtures of diastereomers.
FAIMS is shown to separate two sets of epimeric GAG tetramers. For the epimer pairs, the
complexity of the separation is reduced when the reducing end is alkylated, suggesting that
anomers are also resolved by FAIMS. The resolved components were activated by EDD and the
fragment ions were analyzed by FTICR-MS. The resulting tandem mass spectra were able to
distinguish the two epimers from each other.

INTRODUCTION
Glycosaminoglycans (GAGs) are a linear, anionic, structurally diverse, and ubiquitous
family of polysaccharides composed of a hexuronic acid and a hexosamine repeating
disaccharide unit [1–3]. The identity of the monosaccharide residues, the linkage position of
glycosidic bonds between the monosaccharides, as well as the degree and location of sulfate
modifications distinguish the various classes of GAGs [2, 4]. Research has shown that
modifications of the residues, specifically O-sulfation, N-deacetylation/sulfation, or
epimerization of uronic acid residues impacts their biological activity. GAGs are present on
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all animal cell surfaces and in the extracellular matrix (ECM) within which they regulate
many cellular and physiological processes [1–5]. They are known to bind and regulate a
number of distinct proteins including small secreted proteins (chemokines) [6], small
secreted cell signaling proteins (cytokines) [7], growth factors like morphogens [5],
enzymes, and adhesion molecules [4], GAGs also modulate cell–cell and cell–extracellular
matrix communication, angiogenesis, axonal growth, tumor progression, metastasis, and
anti-coagulation [2, 5]. Although numerous functions of GAGs are known, there are only a
few function specific sequences whose structures have been fully elucidated [8]. To advance
the study of the biological functions of GAGs, sophisticated analytical methods are needed
to identify and characterize biologically important motifs within their basic sequences [9].
The structural complexity of GAG molecules, especially heparin and heparan sulfate makes
their structural determination more challenging than other biomolecules. The complexity is a
consequence of the non-template nature of their biosynthesis, and the vast number of
modifications that occur post-synthesis, including de-acetylation, sulfation and
epimerization giving rise to a considerable polydispersity and heterogeneity.

Mass spectrometry (MS) using negative mode electrospray ionization (ESI) is widely used
for the structural elucidation of GAGs [10, 11]. In addition to retention of sulfo groups
during MS analysis and the production of multiply charged ions, ESI can be coupled with
liquid chromatography or capillary electrophoresis separation methods that enhance
sensitivity and selectivity of the GAG analysis [12]. In order to obtain detailed information
about monosaccharide connectivity and their unique modifications, several tandem mass
spectrometry (MS/MS) techniques have been examined and refined for the structural
analysis of GAGs, including collision induced dissociation (CID[13–18], electron
detachment dissociation (EDD) [19–23], and negative electron transfer dissociation (NETD)
[24, 25]. These methods have been effective on relatively small oligomers produced by
enzymatic digestion of full-length glycans. Recently, full length chains from a proteoglycan
have been characterized by Fourier transform ion cyclotron resonance tandem mass
spectrometry (FTICR-MS/MS) [8]. Despite a propensity for decomposition of sulfo
modifications via SO3 loss during MS/MS, careful control of the ion activation conditions
lead to glycosidic and cross-ring cleavages which can be used to assign the location of sites
of sulfation at both the monosaccharide level and the ring position in GAG oligosaccharides
[16, 17, 19, 20, 24–30].

Despite the versatility of mass spectrometry for characterizing GAGs, the complex mixtures
produced by enzymatic de-polymerization, and the isomeric nature of the resulting
sequences require separation steps before they are introduced to the mass spectrometer [31–
34]. Chromatographic separation methods such as normal phase and reverse phase high
performance liquid chromatograph (HPLC), porous graphite carbon liquid chromatograph
(PGC-LC) and hydrophilic interaction liquid chromatography (HILIC) have been used for
separation of GAGs [32, 33, 35]. Ion exchange methods such as high-performance anion-
exchange chromatography (HPAEC) [36] have also been used for GAG separations.
However, these present challenges when combined with MS analysis, requiring desalting or
removal of ion pairing reagents prior to introduction to the mass spectrometer [37].
Capillary electrophoresis (CE) methods have also been used for separating and
characterizing GAGs [31]. The short time for LC or CE peak elution does not match the
long analysis times required for high resolution analysis by FTICR-MS, particularly for ion
activation by EDD [21].

As an alternative to liquid separations, there has been considerable recent interest in gas-
phase separation of ions prior to mass spectrometry analysis, using ion mobility
spectrometry (IMS). IMS separates gas phase ions on the basis of their charge state, overall
shape and the ionic collision cross-section while under a weak, time-invariant electric field
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[38, 39] and can achieve separation of structural and positional isomers [39–42]. Previously,
others have used a combination of ion mobility, mass spectrometry and proton NMR to
characterize iduronic and glucuronic acid containing heparan sulfate hexasaccharides [34],
and recently, IMS was used for separation and analysis of positional isomers of heparin
octasaccharides [43]. However, the peak width for a component in an IMS separation is on
the order of microseconds, which is far too short to be used for FTICR-MS.

High-field asymmetric waveform ion mobility spectrometry (FAIMS), also known as
differential mobility spectrometry (DMS), separates gas-phase ions depending on the
differences between their mobility in high and low electric fields, and at atmospheric
pressure [44, 45]. It is a particularly attractive choice for coupling to FTICR-MS, as ions are
separated spatially rather than temporally [45, 46]. With FAIMS, ions are drawn by the flow
of buffer gas into a mobility region consisting of two parallel or coaxial electrodes, located
between an atmospheric pressure ion source and the inlet to the mass spectrometer. An
asymmetric alternating potential, the peak amplitude of which is called the dispersion
voltage (DV), is applied between the electrodes producing an electric field tangential to the
direction of gas flow. The mobility of ions differ during the high-field and low-field portion
of the waveform, leading to their lateral displacement. A small static voltage called the
compensation voltage (CV) is applied to one electrode, to direct ions of a particular
differential mobility onto the mass spectrometer inlet. In this fashion, ions that have been
separated by FAIMS can be continuously admitted into the mass spectrometer, allowing this
separation method to be coupled with slow analysis methods such as FTICR-MS. The
FAIMS separation is orthogonal to both chromatographic and mass spectrometric
techniques, thereby increasing selectivity and specificity of analysis when combined [45,
47].

ESI-FAIMS-MS has been used to effect gas phase separation and differentiation of anomers,
linkage, and position isomers of disaccharides [48], glycopeptides [49] and other
biomolecules [50–54]. In addition, FAIMS has been used to selectively introduce different
gas phase conformers of ubiquitin ions prior to FTICR-MS analysis, making it possible to
resolve and identify different populations of conformers [55]. Here we show the utility of
FAIMS as a separation tool coupled to FTICR-MS and FTICR-MS/MS for the analysis of
mixtures of glycosaminoglycans. A chondroitin sulfate A mixture of oligomers of degree of
polymerization (dp) 4–10 produces isobaric ions due to the linear relationship between
charge and length of the polymer. These cannot be resolved by a mass-to-charge separation,
but are resolved by differential mobility spectrometry. A more demanding separation is
demonstrated for a mixture of epimeric GAG tetramers, facilitating their MS/MS analysis.
The effect of the reducing end anomericity and the behavior of sodiated adducts on the
separation are examined. This is the first application of FAIMS separation to GAGs, with
subsequent analysis of the separated isobaric molecular ions using EDD.

EXPERIMENTAL
Epimer synthesis

Heparan sulfate tetra-saccharides epimers (GlcA-GlcNAc6S-IdoA-GlcNAc6S (GI) and
GlcA-GlcNAc6S-GlcA- GlcNAc6S (GG)) and GlcA-GlcNAc6S-GlcA-GlcNAc6S-(CH2)5-
NH2 (GG2) and GlcA-GlcNAc6S-IdoA-GlcNAc6S-(CH2)5-NH2 (GI2) showed in Scheme
1, were synthesized and purified as described in literature [56]. Use of accurate mass
measurement and 1H NMR confirmed the structures of the tetra-saccharides.

Preparation of CS GAG Oligosaccharides
Chondroitin sulfate A (CS-A) oligosaccharides were prepared by partial enzymatic
depolymerization of bovine trachea chondroitin sulfate A (Celsus Laboratories, Cincinnati,
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OH) and purified as described in the previous paper [57]. High-field nuclear magnetic
resonance (NMR), ESI-MS and PAGE were used to characterize the final isolated individual
oligosaccharide fractions [58].

ESI FAIMS
Ions were generated using negative mode ESI. Solutions for both tetra-saccharides were
made at a concentration of 0.05 mg/mL in 50:50:0.1 MeOH: H2O: HCOOH (Sigma, St.
Louis, MO, USA) unless otherwise stated. All sample solutions were infused at a rate of 120
μL/h using ESI metal capillary (Agilent Technologies, Santa Clara, CA, #G2427A) tip
placed about 2–3 mm from the FAIMS curtain gas cap. Generated ions were passed through
Bruker Daltonics planar FAIMS analyzer (Billerica, MA, USA) with electrode gap width of
0.5 mm. The FAIMS device was held in place by a cylindrical peek that facilitates proper
interfacing to a 9.4 T Bruker Apex IV QeFTMS (Billerica, MA, USA). Ions were separated
in FAIMS using 2.4 MHz bi-sinusoidal waveform between dispersion voltages (DV) 1.50 –
1.95 kV and the carrier gas used was nitrogen. No modifiers were added to the carrier gas.

ESI-FAIMS-EDD
The positive CV scan (0–30 V) was carried out (negative CV scan did not yield any ions)
and the specific CV at which the ion of interest appears in the MS was noted and
subsequently used to selectively and continuously transmit one ion at a time for EDD
experiments. Indirectly heated hollow cathode was used for generating electrons for EDD
experiments. Isolation refinement of the precursor was done in the external quadrupole
where the ions were accumulated for 1–2.5 s before they enter the FTICR-MS analyzer cell.
The isolation/cell fill was repeated up to 3 times. In-cell isolation with a coherent harmonic
excitation frequency (CHEF) event was used for further ion selection. The precursor ions
were irradiated with electrons for 1 second. For electron irradiation the cathode bias, ECD
lens, and cathode heater were set at −19 V, −18.6V, and 1.6A respectively. The 36
acquisitions per mass spectrum were averaged and for each mass spectrum 512k points were
acquired, padded with one zero fill, and apodized using a sinebell window. Background
spectra were acquired by leaving all parameters the same but setting the cathode bias to 0 V
to ensure that no electrons reached the analyzer cell. All EDD products are reported using
the Domon and Costello nomenclature [59].

Principal component analysis (PCA)
PLS toolbox (Eigenvector research, inc., Wenatchee, WA) was used for the principal
component analysis (PCA). The intensity of 19 assigned fragment ions for each spectrum
was used for PCA analysis. These fragment ions were selected based on relative intensity
and then normalized using the intensity of the base peak from the background spectra. Each
row of the data matrix consists of the mass spectra of each particular epimer sample, while
each column contained the normalized peak intensities for the selected fragment ions.
During the PCA analysis, the data was mean-centered and cross-validated. For each epimer
peak, the spectra were acquired in quintuplicate starting with the same precursor intensity
and using the same EDD experimental conditions.

RESULTS AND DISCUSSION
As the MS/MS methods for GAGs have improved, there has been considerable interest in
applying these approaches for the analysis of GAGs samples from natural sources, which are
often heterogeneous mixtures. Particularly difficult is the characterization of isomeric
oligosaccharides, which produce isobaric molecular ions in the MS step and generally
identical MS/MS fragmentation patterns. In some cases, a mixture of different length GAGs
may produce molecular ions with overlapping mass-to-charge values, resulting from longer
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oligomers having higher charge states. All these hurdles make complete characterization of
GAG mixtures using mass spectrometry difficult. FAIMS separation is orthogonal to mass-
to-charge separation in MS and can selectively and continuously transmit an ion of selected
differential mobility into the mass spectrometer, thus making it possible to use multiple ion
activation methods within a single experiment on an FT-ICR platform. Unlike LC and CE
methods, FAIMS has the ability to continuously transmit selected ions, enabling the
utilization of a host of ion activation methods for GAGs, some of which require a long
activation time (seconds to tens of seconds), and/or significant signal-averaging, such as
EDD.

Charge state separation by ESI-FAIMS
Enzymatic depolymerization of chondroitin sulfate (CS) or dermatan sulfate (DS) yields
oligomers of composition ΔHexA(GalNAc SO3

−-HexA)nGalNAcSO3
−) where n=1,2,3, etc.,

as shown in the inset of Figure 1a. The mass spectrum in Figure 1a exhibits a peak at m/z
458.06, which corresponds to group of isobaric molecular ions [M-mH]m− for Δ-unsaturated
CS/DS oligosaccharides of various lengths, with m=n+1. Although the spacing of the
isotope peaks above m/z 458.06 indicates the presence of a mixture of different charge
states, it is not possible, using mass-to-charge discrimination, to isolate a length-selected
component for MS/MS analysis by mass filtering. On the other hand, FAIMS is able to
separate this mixture of gas phase ions [M-mH]m− for dp 4, 6, 8 and10 for chondroitin
sulfate (CSA) before the MS analysis.

The mixture that produced the data in Figure 1a was composed of oligomers dp4, dp6, dp8
and dp10. The dispersion voltage (DV) used was 1950 V with a compensation voltage (CV)
scan from11–20 V, and a step size of 0.2 V. The extracted ion chromatogram (EIC) for ions
of m/z 458.06 obtained from this scan is shown in Figure 1(b), which shows the separation
of the various oligomers in the mixture. The mass-to-charge separation of the isotope peaks
at CV 12.0 V allows us to assign this peak to dp4 [M-2H]2−. The other charge states in the
EIC profile are not baseline resolved but at specific CV only a single charge state is
transmitted into the MS. The isotope profile at CV 14.5V shows that only dp6 [M-3H]3− is
transmitted at that CV, while dp 10 [M-5H]5− is the sole component passed at a CV of 16.2
V. Interestingly, the number of distinct FAIMS peaks observed is greater than the number of
components in the mixture. Some components appear in more than one peak within the CV
scan. A mixture of dp4 and dp 6 appear at CV 13.5 V while dp8 [M-4H]4− and dp10 ion
appear at CV 15.4 V. Dp4 and dp6 appear as separate EIC peaks and as a mixture; the same
is observed for the dp10 that appears as an individual peak and also as a mixture with dp8
peak. This suggests the existence of different stable conformers or anomers from individual
molecular ions that are separated within the FAIMS device, with some having a unique
differential mobility that distinguishes them from other charge states, while others have
similar mobility to other charge states. The extracted ion chromatogram for the second peak
in each charge state isotope distributions confirms this conclusion (Supplemental
information (SI), Figure 1).

Epimeric tetrasaccharides
Even more challenging to analyze is a mixture of diastereomers. The structures of two pairs
of synthetically-produced diastereomeric heparan sulfate tetramers, GG, GI, GG2 and GI2,
are shown in scheme 1. The labels denote the type of uronic acid moiety in the first and the
third residues, respectively, from the non-reducing end. GG indicates GlcA in the first and
third residues from the nonreducing end, while GI has IdoA in the third residue, which
differs from glucuronic acid only by the stereochemistry of C5. GG2 and GI2 epimers are
alkylated at the reducing end while GG and GI contain a free reducing end. In solution, the
anomeric isomers of the reducing end sugar are in equilibrium with each other for the non-
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alkylated samples (GG and GI). In contrast, the alkylated samples (GG2 and GI2) have a
single conformation of the anomeric carbon established during synthesis. In order to
separate and characterize individual sets of epimeric tetramers, a mixture containing 0.05
mg/ml of each epimer was electro-sprayed using normal electrospray at the rate of 120 μL/h.
The dispersion voltage within the electrode gap was 1800 V and four spectra were averaged
at every 0.2 V. The molecular ions of interest appeared within a CV range of 9–22 V.

Figure 2 shows the CV scan obtained for the GG and GI molecular ion [M-2H]2−, m/z
467.06. The epimer containing two glucuronic acids (GG) produced only one main peak at
CV 16.6 V, while epimer (GI) produced two main distinct peaks with the first and the
second peak appearing at CV 15.0 V and 18.5 V respectively. There is also a small peak at
CV 13.0 V that appears in both epimers. The assignment of the peaks from the two epimers
was confirmed by introducing each individual epimer separately into the ESI-FAIMS-MS.

The appearance of multiple peaks for the GI epimer suggests a mixture of conformers or
anomers. The reducing end sugar undergoes equilibration in solution, and so both anomers
are expected in the sample that was analyzed. The presence of the acyclic form of the
reducing end sugar could also introduce an additional component to the mixture, although
this form is expected to be a minor component in solution. Finally, a mixture of conformers
may also separate by FAIMS. Multiple peaks from a single reducing end monosaccharide
residue have been observed in IMS experiments before [40]. Although GG and GI both have
equal anomeric and acyclic form possibilities, the flexibility of iduronic acid may be
responsible for more peaks being observed in the EIC profile of the GI epimer. The
appearance of a single major peak for epimer GG could suggests a single dominant
conformer or anomer, although it could also indicate a mixture of unresolved components.

Iduronic acid is known to be more flexible than glucuronic acid, and to exist as a mixture of
different chair and skew conformations including 4C1, 1C4 and 2S0 [60, 61]. This explains
the appearance of more peaks for GI than GG [M-2H]2− molecular ion, although we cannot
discount the possibility that the peaks may consist of unresolved multiple gas phase
conformers of the molecule originating from the ESI process. The small peak at 13.0 V
could be conformers of both epimers having the same FAIMS behavior.

To explore the origin of the multiple peaks in the CV scan, the two epimers that are
alkylated at the reducing end, GG2 and GI2, respectively, were selected for FAIMS-MS
analysis. With these samples, the reducing end stereochemistry is locked into the
configuration, thus reducing the complexity of the sample. The CV scan obtained for the
molecular ion [M-2H]2− produces only one main peak for each individual epimer as shown
in Figure 3, suggesting that some of the additional FAIMS peaks obtained for the GG and GI
epimers with a free RE resulted from the anomeric α and β isomers.

Investigation of a higher charge state molecular ion [M-3H]3− for both sets of epimers
produced similar result where two or more peaks are observed for epimers with free
reducing end (GG and GI) and only one peak is observed for each epimer GG2 and GI2 (S1,
Figure 2). Another observation for the [M-3H]3− is that there is less separation in the CV
scan between the epimers, suggesting closer similarity in configuration when the molecular
ion assumes an extended form due to charge-charge repulsion. Although the components are
not baseline separated in their CV scan, GG2 and GI2 for [M-2H] 2− (509.60) are well-
enough separated to enable selective introduction of an individual epimer ion for MS/MS
analysis. Only [M-2H]2− ion for GG2 ion is observed at CV 14.5 while only GI2 is present
at CV 16.0 V. The separation of the alkylated GG2 and GI2 epimers is due to differences in
the uronic acid C5 stereochemistry, since the reducing end is alkylated, locking in the
stereochemistry of C1 for these samples. The iduronic acid residue is known to be more
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flexible that the glucuronic acid residue, causing differences in the overall shape of the
molecules. Chemical reduction of the reducing end of GG and GI epimers using NaBH4
using the procedure described before [62] also reduced the number of peaks per single
species to one, again suggesting that anomeric mixtures produce multiple peaks in the CV
scan of the non-reduced samples (SI, Figure 3).

We also investigated the effect of Na+ cationization on the FAIMS MS separation of the
four epimers by extracting ion chromatograms of the molecular ions that contain Na+. All
the four epimers generally produced single main peaks indicating that Na+ alters the shape
of the molecules and thus the mobilities within the FAIMS device. Na+, being larger than
the H+, has been noted to bind multiple oxygen atoms within the GAG molecules which
leads to more stable gas phase ion conformations and thus a more defined shape [38]. In this
particular case, the presence of Na+ leads to gas phase configurations with similar
differential mobility. There is less separation for the GG and GI epimers compared to GG2
and GI2 sodiated molecular ions as seen in Supplemental Figure 5. Having a single peak per
component during the analysis will be especially important when dealing with complex
mixtures.

FAIMS-FTICR-EDD for the epimers
To explore the potential of applying MS/MS on the separated molecular ions, CV separated
GG and GI [M-2H]2− were selected for EDD experiments. From a CV scan, the respective
value was obtained for the [M-2H]2− of each epimer, GG and GI. The CV values were used
to select a single epimer for the EDD experiments. Although there was a general reduction
in signal intensity at high DV, the intensity of the two peaks emanating from the epimer GI
differed with the DV voltage applied in a reverse order. The relative intensity of the first
peak increased with the increase in the DV voltage, while that of the second peak decreased
(SI, Figure 4). This behavior is observed for type A and C ions, respectively, with
cylindrical FAIMS [45], but there is no focusing effect from inhomogeneous fields with
planar FAIMS, so other mechanisms must be responsible, for example heating of the ions by
the higher DV producing a change in their conformational equilibrium. DV 1800V was used
for the selection and EDD fragmentation and all other experimental conditions were
identical and all the experiments were done the same day. The uniformity of the EDD
precursor intensity was ensured for all the selected peaks and each experiment was done in
quintuplicate. Background spectra were acquired by leaving the other experimental
conditions constant but changing the value of the ECD bias to zero to ensure no electrons
reaches the analyzer cell.

EDD spectra obtained from the three peaks are shown in Figure 4. EDD fragmentation
patterns were similar to those observed in previous studies [19, 20]. The three spectra are
rich in both glycosidic and cross-ring cleavages. The majority of peaks were glycosidic bond
cleavages, and among the cross-ring fragments, there are more A type cleavages compared
to the X type. Most of the assigned ions peaks are observed in the three spectra except the
ion 0,2A3 (encircled in Fig 5) which is only present in the GG epimer spectra, consistent
with earlier findings on the EDD fragmentation of GlcA versus IdoA [20].

Principal component analysis of EDD data
Multivariate analysis (MVA) of complex data has previously been used to distinguish
closely related MS spectra [63, 64], and more recently, PCA of the EDD data was used to
differentiate four epimeric heparan sulfate tetra-saccharides [65]. To compare the fragment
ion intensities for the EDD spectra obtained from the three CV values, principal component
analysis was used. The data obtained from principal component analysis indicate that the
three spectra differ in terms of the fragment ion intensities. As shown in Figure 5a, the first
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principal component (PC1) distinguishes the two GI peaks in the CV scan, while PC2
distinguishes GG spectra from both GI spectra. The two principal components account for
96% of the spectral differences. A close observation of the loading plot in Figure 5b reveals
the fragment ions that differ significantly between the spectra. These includes; 0,2A4-
SO3, 0,2A4, B2/Z2-CO2, [M-SO3]2−, B3, Y1, 3,5A3, and 0,2 A3 (they are shown in red in
Figure 4). Some of these ions have been correlated with differences in the EDD behavior of
GlcA versus IdoA [20]. The observed differences in the fragmentation intensities of the two
GI peaks show that conformational differences have a significant effect on the dissociation
behavior of the gas-phase ions.

CONCLUSION
EDD is known to be an important tool for the MS/MS characterization of GAGs, due to its
ability to produce spectra with high-information content, including both glycosidic and
cross-ring cleavages. The results obtained in this study indicate that by combining FAIMS
with FTICR-MS, it is possible to separate isomeric or isobaric GAG gas phase ions which
have the same mass-to-charge, and therefore can’t be separated by a mass analyzer,
including stereoisomers or conformers. Such GAG ions can then be characterized using
EDD. The fragmentation patterns from EDD of different gas-phase conformations of GI
were similar, but with consistently observed intensity differences, as revealed by PCA
analysis. This gas phase separation method can be used as an alternative to solution phase
separation methods such as HPLC to resolve GAGs isomer mixtures. The complexity
introduced from single components producing multiple FAIMS peaks can be reduced by
removing anomeric isomers from the mixture, via alkylating the reducing end or by
chemical reduction of the reducing end monosaccharide. A reduction of complexity in the
CV scan can also be achieved by using sodium adduction. Sodiated molecular ions have
been found to give very detailed structural information for highly sulfated GAGs [16, 28].
The work provides a step forward towards the characterization of these useful biomolecules
from their natural sources.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MS and the EIC of the mixture of dp4, dp6, dp8 and dp10 of chondroitin sulfate A (CSA). a)
The general structure of the dermatan sulfate (DS) and CS oligomers that ionize to produce
an overlapping charge states at m/z 458.06 and the mass spectrum of the mixture showing
the overlapping isotopic distributions of four different charge states. b) FAIMS MS
Extracted ion chromatogram (EIC) for m/z 458.06 with the respective MS spectra at the
indicated CV voltages for which various individual ions are transmitted into the FTICR.
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Figure 2.
EIC for the epimeric mixture [M-2H]2− m/z 467.06. (a) EIC for a mixture of GG and GI
epimers with the MS at different peaks showing the separation of ions of the same mass-to-
charge. (b) EIC for individual epimers overlayed on the EIC of the mixture. The GG
molecular ion appears as a single peak while that of GI appear as two distinct peaks.
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Figure 3.
Comparison between the GG and GI [M-2H]2− (m/z 467.06) EIC with the corresponding
[M-2H]2− (M/Z 509.60) EIC obtained from GG2 and GI2 epimers. Multiple peaks are
observed from the epimers with a free reducing end while only one main peak is observed
for GG2 and GI2 epimers. In both cases, ions for each epimer can be separately passed into
the FTICR for MS/MS analysis.
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Figure 4.
EDD spectra for the FAIMS separated GG and GI epimers, [M-2H]2− molecular ions. A
single GG peak and two GI peaks (GI peak a and b) were isolated from a mixture and
subjected to EDD analysis. 0,2A3 peak (encircled) is only contained in the GG spectra. EDD
spectra from the two GI (GI a and GI b) peaks have many similarities, displaying similar
fragmentation patterns, but with consistently different abundances. PCA identified Ions that
differ significantly within the spectra, these ions are colored in red.
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Figure 5.
PCA results for the EDD spectra obtained from the three [M-2H]2− FAIMS separated EIC
peaks. (a) A plot of the first two principal components distinguishes the three sets of spectra
obtained, with 95% of the spectral differences accounted for by these two principal
components. (b) The loading plot for the first two principal components reveals the ions
whose intensities differentiate the three sets of EDD spectra. The further away the ion is
from the center of the plot, the more significant it is in distinguishing the three sets of
spectra.
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Scheme 1.
Structures for the HS tetra-saccharides used in this study; GG and GI have a free reducing
end and they differ only at C5 stereochemistry of the uronic acid residue near the reducing
end. GG2 and GI2 epimers have the same sequence like GG and GI but they are alkylated at
their reducing end.
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