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Abstract
A key challenge to investigations into the functional roles of glycosaminoglycans (GAGs) in
biological systems is the difficulty in achieving sensitive, stable and reproducible mass
spectrometric analysis. GAGs are linear carbohydrates with domains that vary in the extent of
sulfation, acetylation and uronic acid epimerization. It is of particular importance to determine
spatial and temporal variations of GAG domain structures in biological tissues. In order to analyze
GAGs from tissue, it is useful to couple mass spectrometry with an on-line separation system. The
purposes of the separation system are both to remove components that inhibit GAG ionization and
to enable the analysis of very complex mixtures. This contribution presents amide-silica
hydrophilic interaction chromatography (HILIC) in a chip-based format for LC/MS of heparin,
heparan sulfate and chondroitin/dermatan sulfate GAGs. The chip interface yields robust
performance in the negative ion mode that is essential for GAGs and other acidic glycan classes
while the built-in trapping cartridge reduces background from the biological tissue matrix. The
HILIC chromatographic separation is based on a combination of the glycan chain lengths and the
numbers of hydrophobic acetate groups and acidic sulfate groups. In summary, chip based amide-
HILIC LC/MS is an enabling technology for GAG glycomics profiling.

Introduction
Progress in the understanding of glycosaminoglycan (GAG) biochemistry has been limited
by the challenging chemical and physical properties of this glycoconjugate glycan class. As
a result, techniques for GAG analysis lag behind those available for proteins and other
carbohydrate classes. GAGs are linear biopolymers that may be sulfated during the
biosynthetic process. Biosynthesis of GAG chains is a regulated process that gives rise to
proteoglycans with cell and tissue specific structures [1–3]. Nascent heparin/HS chains are
modified by a series of biosynthetic enzymes to form domains with high levels of N-
sulfation, O-sulfation and glucuronyl-C5-epimerization (NS domains) interspersed with
those with a high degree of N-acetylation and low sulfation (NA domains), reviewed in
[4,5]. Nascent CS/DS chains may be acted upon by a specific epimerase to form domains
with high IdoAα3GalNAc4Sβ4 content interspersed by domains containing
GlcAβ3GalNAc4S and varying amounts of GlcAβ3GalNAc6S, reviewed in [6]. These
modification reactions are controlled by a complex interplay of factors including
biosynthetic enzyme expression levels and substrate concentration during transport through
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the Golgi apparatus. Assays of GAGs from biological sources reflect a distribution of
structures rather than a single template controlled product [4].

Heparin/HS and CS/DS GAGs participate in a large number of homeostatic, developmental,
and signaling processes by interacting with many families of growth factors and growth
factor receptors [7,8]. Such interactions modulate cellular responses to growth factor stimuli
at cell surfaces [9–11]. They also serve to control transport of growth factors through
extracellular matrices and enable growth factor concentration gradients [12]. Although the
number of proteins modified with GAG chains is relatively small, the ranges of their
functions are elaborated by variation in their GAG structures. The levels of HS biosynthetic
enzymes [4] and the structures of the mature chains vary according to organ [3] and
developmental state. A given proteoglycan may function differently depending on the
structures of its GAG chains specific to cellular and extracellular environments. The process
of tumor metastasis involves remodeling of the extracellular matrix and coordinated changes
in surface adhesive properties of cancer cells [13]. Changes to expression of HSPGs
associated with cancer offer potential therapeutic targets [14].

An effective analytical platform must enable direct determination of the biosynthetically
heterogeneous distributions of GAG domains from tissue. Much GAG structural work has
relied on chemical or enzymatic depolymerization to disaccharides followed by
chromatographic [15,16], gel electrophoretic [17,18], capillary electrophoretic [19,20] or
mass spectrometric [21,22] analysis of the composition of the products. While these are
useful measurements, it is essential to broaden them to include the analysis of extended
GAG oligosaccharides.

GAG chains may be partially depolymerized by treatment with specific bacterial
polysaccharide lyase enzymes [23]. Mass spectrometry enables analysis of mixtures of
partially depolymerized GAGs without the need for complete purification of each
component. Nonetheless, mass spectrometric analysis of complex mixtures is most effective
when combined with a separation step. High performance size exclusion chromatography
provides very robust performance for LC/MS of GAG mixtures [24–26]. Despite its
reliability, SEC resolution is low. Furthermore, separation entails use of relatively high flow
rates and thus dilutes the analyte concentration. As a result, it is not appropriate for the
analysis of sample quantities below the 100 pmol level. Graphitized carbon chromatography
(GCC) has been used for LC/MS of native [27–29] and permethylated [30] glycans
employing acidic mobile phase systems and positive ion LC/MS. Separation of acidic
glycans over GCC requires relatively high pH ammonium bicarbonate mobile phases and
has been used for negative ion LC/MS of released glycoprotein oligosaccharides [31] and
GAGs [32,33]. While the high pH facilitates ionization of acidic oligosaccharides, it
degrades the silica surfaces present in the spray tips typically used for sub-microliter flow
rate chromatographic interfaces. Reversed phase ion pairing chromatography has provided
successful results for analysis of GAG classes [34–37]. This technique involves the
inclusion of a mono- di-, tri, or tetraalkylamine in the mobile phase at concentrations of 5–
30 mM in the presence of an organic acid. Although the technique may be used for analysis
of complex GAG mixtures, the relatively high concentration, the potential for amine
oxidation by-products, and limited volatility of alkyl amines all contribute to contamination
of the mass spectrometer ion source. In addition, mobile phase conditions must be tailored to
the compound class. In addition, it is desirable to use stable isotope tags to enable
quantitation of GAG mixtures [38].

Amide-silica stationary phase has been used for hydrophilic interaction chromatography
(HILIC) positive ion LC/MS of N-glycans [39]. Very similar conditions have been reported
for chromatographic separation of native and reductively aminated CS/DS oligosaccharides
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[40–44]. Capillary amide-HILIC LC/MS has been employed in the analysis of CS/DS chains
extracted from connective tissue [45]. This work demonstrated that deuterated and non-
deuterated glycomics tags are not separated.

For analysis of GAGs and other acidic glycan classes using amide-HILIC LC/MS, it is
necessary to use the negative ion mode. The primary limiting factor to the application of
amide-HILIC LC/MS to the generation of glycomics profiling data on GAGs and other
native glycan classes is the stability of the spray interface. Our group has found conventional
silica sprayers to be problematic due to clogging in the negative mode, requiring time
consuming optimization. As a result, time consumed in optimization of the spray conditions
has been the limiting factor for GAG glycomics profiling. Removal of contaminating
proteins, lipids, nucleic acids and acidic non-GAG carbohydrates must be achieved in a
manner that facilitates analysis of sub-microgram quantities of GAGs. Trapping cartridges
enable success in analysis of such samples by focusing the analyte while allowing
contaminants to flow through with a minimum interaction with the stationary phase. Use of
a chip-based GCC system with built-in electrospray nozzle has been reported for positive
ion LC/MS of human milk and mucin oligosaccharide alditols [29]. This chip system
included a trapping cartridge and valve that is controlled by the chromatograph software.

This work reports the use of a novel chip-based amide-HILIC system for negative ion LC/
MS of CS/DS, heparin, and HS GAG classes that removes the difficulties with the spray
interface. GAGs are the most acidic biomolecules; this property dictates the use of negative
ion mass spectrometry for LC detection. There is a very limited track record in the use of
negative ion mode for LC/MS in general and for analysis of GAGs in particular. The chip-
based system enables both robust positioning of the spray needle and the analysis of GAGs
isolated from complex biological and chemical matrices. The amide-silica is packed into 75
micron internal diameter channels. The use of capillary chromatography at such low internal
diameters is greatly facilitated by the integrated spray nozzle and robotic positioning relative
to the spray orifice. This integrated system eliminates the need to optimize connections
between chromatograph, injector, trapping column, analytical column and spray needle. The
amide-HILIC separation mechanism is robust and the same conditions can be used for
GAGs and other glycan classes. We demonstrate robust and reproducible analyses of
complex oligosaccharide mixtures derived from partially depolymerized GAGs.

Materials and methods
Bovine kidney HS (10 µg, Sigma Chemical, St. Louis, MO) was partially digested using a
mixture of heparin lyases I, II, and III (Ibex Technologies, Inc., Montreal, Canada).
Digestions were carried out in 100 mM NaCl, 20 mM tris, 1 mM Ca(OAc)2 using 1 mIU of
each enzyme. Digestion progress was monitored at 232 nm and the reaction was stopped by
boiling when the absorbance reached a value 30% of that observed for a complete digestion.
Samples were then lyophilized to dryness, reconstituted in 10 µL of 30% methanol, and
injected onto a Superdex Peptide 3.2/30 column (Amersham Biosciences, Piscataway, NJ)
with an isocratic mobile phase of 50 mM ammonium formate in 10% acetonitrile. The
eluting oligosaccharides were collected and serially dried in a centrifugal evaporator three
times with addition of 800 µL of distilled water.

Porcine intestinal mucosa heparin (100 mg, sodium salt, 182 USP/mg, Sigma) was digested
with heparin lyase I (4 × 150 mIU, added at 6 hr intervals) in ammonium acetate (1 mL, 100
mM with 0.1 mg/mL bovine serum albumin) at 37 °C. The digestion products were
fractionated by preparative SEC (Biorad Bio-Gel P-10, fine) using ammonium bicarbonate
mobile phase (200 mM) at a flow rate of 40 µL/min [46]. Collected fractions were desalted
by dialysis against pure water.
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Chip-based amide-HILIC LC/MS. Amide-80 stationary phase (Tosoh Bioscience, LLC.
Montgomeryville, PA, 5 µm particle size, 80 Å pore size) was packed into 75 µm × 150 mm
chips by Agilent Technologies Corp., Santa Clara CA. Mobile phase A = 10% acetonitrile,
50 mM formic acid pH 4.4, B = 95% acetonitrile, 5% solvent A. The chip is made of
laminated polyimide films with laser ablated channels, ports, and frit structures [47,48]. A
face sealed rotary valve permits switching between sample loading and separation modes
with minimal dead volume. The device incorporates a laser ablated nano-electrospray
emitter. The chip was interfaced with an Agilent 1200 series nanoflow HPLC system with
microfluidic connections between trapping and analytical columns [48]. A separate
microscale pump allows mobile phase to be pumped through the trapping column during
sample loading while flow is maintained separately through the analytical column. Samples
were injected through the trapping column at 4 µL/min and washed with 100% B for 10 min
(see figure legends for volumes). The valve was turned to place the trapping column in line
with the analytical column at a flow rate of 400 nL/min. The mobile phase was decreased
from 95% B to 30% B over the course of 30 min. Negative ion electrospray voltage was set
to 1500 V. Mass spectra were acquired using an Agilent 6300 Chip quadrupole ion trap
(QIT) mass spectrometry system or an Agilent 6520 Chip-quadrupole time-of-flight (QTOF)
mass spectrometry system. Spray conditions with the 6520 system were found to be
consistent over the course of a three month period.

Results
Heparin oligosaccharides contain 2–3 sulfate groups per disaccharide unit, rendering them
the most challenging GAG class to analyze. Heparin was partially depolymerized using
heparin lyase I and the resulting oligosaccharides were separated into size fractions. Each
oligomer chain length contains a distribution with respect to the number of sulfate and
acetate groups. Each oligosaccharide composition was observed with 2–3 charge states. The
degree of ammonium adduction increased as charge state decreased. Under these conditions,
mass spectral complexity becomes too high for direct analysis of heparin size fractions using
a trapped ion instrument due to space charge limitations. Figure 1a shows the base peak
chromatogram (BPC) for a heparin dp8 fraction acquired using chip-based amide-HILIC
LC/QIT MS. Two series of oligosaccharides were observed, one unacetylated and the other
monoacetylated. Both were observed with varying numbers of sulfate groups. Extracted ion
chromatograms (EICs) for monoacetylated dp8 4- charge state are shown in Figure 1b.
Oligosaccharide compositions are given as [ΔHexA, HexA, GlcN, SO3, Ac] in all figures.
As a group, the monoacetylated dp8 eluted earlier than their unacetylated counterparts,
Figure 1c. As the number of sulfate groups increases, the peak width appears to increase.
This phenomenon will be described in greater detail using a high resolution mass analyzer,
below. Figure 1d shows the mass spectrum summed over 15–21 min. The dp8
oligosaccharides are observed with 5- (m/z 370–465) and 4- (m/z 480–600) charge states.
The pattern of ions differing by sulfate and acetate groups is readily apparent despite the
relatively low resolution of the QIT analyzer.

In order to fully elucidate the chromatographic and mass spectrometric behavior of heparin
oligosaccharides using amide-HILIC LC/MS, a high resolution QTOF instrument was
employed. Figure 2a shows the BPC obtained from a heparin dp6, dp8, dp10 mixture
acquired using a QTOF instrument equipped with a chip-based chromatography interface.
The elution ranges for dp6, dp8 and dp10 are shown on the BPC. Summed mass spectra for
these three ranges are shown in (b–d). For dp6 (b), 4-, 3- and 2- charge states were observed.
A series of dp6 oligosaccharides are detected, with compositions ranges of [1,2,3,SO3,Ac]
where SO3 = 6–9 and Ac = 0,1. The extent of ammonium adduction increases with
decreasing charge state. A complete table of mass assignments is given in Supplemental
Table 1.
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As shown in (c), dp8 oligosaccharides are observed with charge states of 5-, 4- and 3-.
Complete mass assignments are given in Supplemental Table 2, showing that observed
compositions include [1,3,4,SO3,Ac] where SO3 = 7–12 and Ac = 0,1. Again, the
abundances of ammonium adducts increase with decreasing charge states. Note that
acetylated dp10 oligosaccharides are also detected in this elution time range.

For heparin dp10 (d), the heavily ammonium adducted 3- charge state is considerably more
abundant than the 4- or 5- charge states. Complete mass assignments are given in
Supplemental Table 3. The dp10 oligosaccharides (d) are observed with compositions
[1,4,5,SO3, Ac] where SO3 = 10–15 and Ac = 0–2. All 3- charge state dp10 ions were
detected with ammonium adducts. For the mass spectra shown in (b–d) the accuracies of the
mass assignments for relatively abundant ions (>100 counts) were generally in the ±2–8
ppm range. The error values increased in absolute value for relatively low abundance ions as
signal strength decreased.

Figure 3 shows EICs for heparin dp6 oligosaccharide compositions [1,2,3,8,0] (a–c) and
[1,2,3,9,0] (d–f). The [1,2,3,8,0] 4- ion (a) was observed as two chromatographic peaks,
centered at 17.2 and 17.8 min. Only one peak (at 17.2 min), however, was observed for the
3- (b) and 2- (c) charge states. A single peak at 17.8 min was detected for composition
[1,2,3,9,0] for all three charge states (d–f). It therefore appears that [1,2,3,9,0] 4- undergoes
some in-source loss of SO3 to form an ion isobaric with [1,2,3,8,0] 4-. Loss of SO3 is not
observed for the 3- and 2- charge states of [1,2,3,9,0]. They do not occur for any charge
states of dp6 compositions containing fewer than 9 sulfate groups. For dp8, SO3 loss occurs
for [1,3,4,11,0] 5- and [1,3,4,12,0] 5-. The 3- and 2- charge states do not undergo such
losses. Other dp8 compositions do not undergo such losses for any charge state. For dp10,
SO3 losses are observed for [1,4,5,14,0] 6- and [1,4,5,15,0] 6- but not for 5-, 4-, or 3- charge
states. Other dp10 compositions do not undergo such losses for any charge state. Therefore,
loss of SO3 appears to be favored particularly for the highest observed negative charge state
for the oligosaccharide compositions with the most sulfate groups per disaccharide.
Therefore, it is appropriate to select a lower charge state for the purpose of generating EICs
for quantification.

Figure 4 shows a series of EICs for the 5- charge state of a series of dp10 compositions. The
acetylated compositions (a, c, e, g) were observed to elute with broader peaks than the
unacetylated compositions (b, d, f, h, i). Note that for (i) m/z 576.0 is isobaric for [1,2,3,9,0]
3-, [1,3,4,12,0] 4- and [1,4,5,15,0]5-, thus three peaks were observed. Summed mass spectra
(Supplemental Figure 1) for the peaks corresponding to acetylated compositions showed the
presence of m/z 504.4 corresponding to [1,4,5,10,1] 5- and 504.2, corresponding to
([1,4,5,10,1] – 1Da) 5-. Similar pairs of ions separated by 1 Da were observed for
[1,4,5,11,1] and [1,4,5,12,1] but not for [1,4,5,13,1]. Such losses were also observed for
acetylated dp6 and dp8 ions (data not shown but were not observed for unacetylated ions.
These observations are consistent with glycosylamine formation for the reducing terminal
GlcN residue for acetylated compositions. Glycosylamines are typically produced by
prolonged incubation of saccharides with saturating solutions of ammonium bicarbonate
[49,50]. The preparative SEC fractionation was accomplished in the presence of ammonium
bicarbonate. The results are consistent with the conclusion that acetylated heparin
oligosaccharides are more susceptible to glycosylamine formation during fractionation.
Glycosylamine formation has been observed in studies of heparin-antithrombin III binding
using amide-HILIC LC/MS [51]. Glycosylamine formation was not observed for GAG
preparations not fractionated using large format SEC. It is expected that use of non-
ammonium containing salts with the large format SEC will eliminate glycosylamine
formation.
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Figure 5 shows the distribution of dp6, dp8 and dp10 oligosaccharide compositions,
summing unmodified and glycosylamine forms, obtained from peak areas extracted from the
LC/MS data shown in Figure 2. For dp6, the 3- charge state was used and the overall
distribution is very similar to that obtained using packed capillary amide-HILIC LC/MS
using a different mass spectrometer and using both 2- and 3- charge states [51]. For dp8, the
4- charge state and for dp10 the 4- and 5- charge states were used. The highest charge state
for each composition was avoided because of sulfate losses. The lowest charge states were
observed with multiple ammonium adducts and overlapping isotopic clusters, preventing
reliable extraction of ion chromatograms. The middle range of charge states thus provided
the most reliable peak areas. These data demonstrate the potential for using chip-based
amide-HILIC LC/MS for comparing distributions of heparin oligosaccharides among
different samples.

HS is a GAG that is particularly disperse, resulting from the large number of combinations
of enzymatic modifications that occur to chains following polymerization. The structure of
HS varies according to tissue location, developmental and disease state [52,53]. Structural
information on HS from biological tissue is typically limited to disaccharide compositional
analysis of exhaustively depolymerized samples. The LC/MS compositional profiles for
oligosaccharides derived from partially depolymerized HS enables generation of information
on the domain structure of the HS chain. This information is particularly relevant because
HS-protein interactions require oligosaccharides ranging from dp6–12 for protein binding.

To demonstrate the effectiveness of chip-based amide-HILIC LC/MS for this purpose,
bovine kidney HS was depolymerized using a mixture of heparin lyase enzymes to 30%
completion. The unfractionated mixture was loaded onto an amide-HILIC chip and
subjected to a gradient from high to low percent acetonitrile with a formate modifier with
detection using a QTOF instrument. The BPC (Figure 6a) shows the elution range for
oligosaccharides derived from HS corresponding to dp2-dp12. The relative abundances for
Δ-unsaturated HS oligosaccharides from dp2-dp12 are shown in Figure 6b–g.
Representative mass assignments and retention times are shown in Supplemental Table 4.
The data were acquired in triplicate and error bars are shown for all HS oligosaccharide
compositional abundances. For these data, ion chromatograms for all charge states observed
were combined to produce results in bar graph form.

The results (a) show the presence of both sulfated and unsulfated Δdp2, with [1,0,1,2,0] the
most abundant composition, as expected for HS with abundant NA domains.
Oligosaccharides corresponding to Δdp4 were detected with 0, 1 and 2 acetate groups (c)
with [1,1,2,0,2] the most abundant composition. This composition corresponds to an NA
domain, and more highly sulfated variants are relatively low in abundances. The unsulfated
Δdp4 correspond to NS domains, and [1,1,2,3,0] and [1,1,2,4,0] are equally abundant. The
[1,1,2,2,1] is the most abundant mono-acetylated composition. The Δdp6 oligosaccharides
(d) also show abundant NA domain compositions in which all three glucosamine residues
are acetylated. The unsulfated [1,2,3,0,3] is the most abundant of these with sulfated variants
decreasing in abundance. The pattern of sulfation for NA domains in which all glucosamine
residues are acetylated is similar for Δdp8 (e), Δdp10 (f) and Δdp12 (g). For all
oligosaccharide lengths, compositions with zero acetate groups are comparatively low in
abundances. Oligosaccharides with both N-acetylated and N-sulfated glucosamine residues,
as indicated by their compositions, contain a distribution of sulfated forms. The number of
sulfate groups for the most abundant compositions decreases as the number of acetate
groups increases.

The high quality of these data is characterized by both the small error bars and the overall
consistent pattern of the HS oligosaccharide compositional abundances. The results
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demonstrate an approach that will be applicable for the profiling of HS structure as a
function of biological variables. It is likely that amide-HILIC LC/MS will be widely
applicable, especially when used with a well-engineered chromatographic interface, such as
demonstrated here.

Discussion
Chip-based amide-HILIC enables LC/MS of highly complex heparin and heparan sulfate
GAG oligosaccharide mixtures. Heparin/HS oligosaccharides released from tissue sources
or cell culture contain a distribution of chain lengths, sulfation and acetylation patterns. The
chains may be partially depolymerized by partial digestion with polysaccharide lyases,
generating mixtures of oligosaccharides. Such mixtures are too complex for analysis by
direct infusion.

The GAGs are the most acidic biomolecules and may be analyzed directly using negative
ion mode ESI MS. Difficulties with achieving a stable electrospray in the negative mode
increase as the flow rate decreases. Low flow rates are necessary in order to reduce the
chromatographic scale so as to achieve the high sensitivities necessary for the analysis of
glycans released from small quantities of tissue. The chip format integrates the electrospray
nozzle, analytical column, trapping column and associated valves. Thus, difficulties with
connections between individual components are eliminated. Robotic positioning of the spray
nozzle with respect to the MS source orifice eliminates need for manual manipulation.
Experience in the authors’ laboratory has shown that the most time consuming steps for the
setup of a system for amide-HILIC LC/MS in the negative ion mode using conventional
sprayers is the achievement of a stable electrospray. A stable spray using the described chip-
based spray device is possible with no day-to-day optimization over a three month period.
Thus, effort can be shifted to analyzing the glycomics profiling data set rather than
achieving stable spray. The fact that the fluidic connections are made in the chip device and
the spray geometry is robotically controlled enables a much needed shift of effort to the
derivation of biochemical meaning of the mass spectral information.

The ultimate limitations on sensitivity of an LC/MS system for glycans arises from the
presence of contaminating factors from the biological matrix or chemical workup that
suppress ionization of the glycans eluting from the column or interfere with glycan signals.
For any sample derived from tissue, to the degree the LC/MS step tolerates and removes
such contaminants, time consuming workup steps can be eliminated. Adsorption of GAG
oligosaccharides to amide-HILIC is strong enough to allow use of a short trapping column.
Such a trapping column allows washing of the injected glycan mixture at increased flow
rate, flushing out weakly retained contaminant compounds. In the absence of a trapping
column, such contaminants would bleed abundant ions throughout the mass chromatogram
that would suppress glycan signals. The trapping step facilitates analysis of the same
mixtures by removing contaminants.

Amide-HILIC LC/MS enables analysis of partially depolymerized GAG oligosaccharide
mixtures too complex for direct infusion MS. An ion trap instrument suffices for the analysis
of relatively complex mixtures of CS/DS oligosaccharides from connective tissue. It is
possible to analyze complex mixtures derived from partial digestion of HS using amide-
HILIC ion trap LC/MS. Increased resolution is necessary for analysis of larger GAG
oligosaccharides, in particular those derived from heparin. The described analytical system
will provide a robust and sensitive LC/MS platform for partially depolymerized GAG
classes that should be useful for many academic and industrial groups interested in
fundamental studies of GAG biochemistry and in engineering drug and therapeutic products
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based on their structures. Heparins pose the greatest analytical challenge among the GAG
classes, but even these can be analyzed successfully with this system.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ac acetate

BPC base peak chromatogram

CS chondroitin sulfate

Dp degree of polymerization

DS dermatan sulfate

ESI electrospray ionization

GAG glycosaminoglycan

GlcN N-acetylglucosamine

HexA hexuronic acid

HILIC hydrophilic interaction chromatography

HS heparan sulfate

ppm parts per million

QIT quadrupole ion trap

QTOF quadrupole time-of-flight

RT retention time
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Figure 1.
Chip-based amide HILIC LC/QIT-MS of heparin dp6, 0.15 µg injected; (a) BPC m/z 300–
600; EICs for 4- charge state ions for (b) monoacetylated dp6 and (c) unacetylated dp6; (d)
mass spectrum summed over 15–21 min. Oligosaccharide compositions are given as
[ΔHexA, HexA, GlcN, SO3, Ac].
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Figure 2.
Chip-based amide HILIC LC/QTOF-MS of a heparin dp6, dp8, and dp10 mixture, 0.1 µg
injected; (a) BPC m/z 400–1000; summed mass spectra for (b) dp6, summed over 15.0–18.0
min; (c) dp8, 18.0–20.1 min; (d) dp10 20.1–22.5 min.
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Figure 3.
Extracted ion chromatograms from Figure 2 for dp6 compositions (a) [1,2,3,8,0] 4- m/z
411.7; (b) [1,2,3,8,0] 3- m/z 549.3; (c) [1,2,3,8,0] 2- m/z 824.5 and (d) [1,2,3,9,0] 4- m/z
431.7; (e) [1,2,3,9,0] 3- m/z 576.0; (f) [1,2,3,9,0] 2- 873.0. Oligosaccharide compositions are
given as [ΔHexA, HexA, GlcN, SO3, Ac].
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Figure 4.
Extracted ion chromatograms Figure 2 for dp10 compositions (a) [1,4,5,10,1] 5- m/z 504.4;
(b) [1,4,5,11,0] 5- m/z 512.0; (c) [1,4,5,11,1] 5- m/z 520.4; (d) [1,4,5,12,0] 5- m/z 528.0; (e)
[1,4,5,12,1] 5- m/z 536.4; (f) 1,4,5,13,0] 5- m/z 544.0; (g) [1,4,5,13,1] 5- m/z 552.4; (h)
[1,4,5,14,0] 5- m/z 560.0; (i) [1,4,5,15,0] 5- m/z 576.0. Oligosaccharide compositions are
given as [ΔHexA, HexA, GlcN, SO3, Ac].
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Figure 5.
Plot of peak area for heparin dp6, dp8 and dp10 oligosaccharide compositions reconstructed
from the LC/MS data shown in Figure 2. Peak areas were summed for dp63-, dp8 4- and
dp10 4- and 5- charge states. Oligosaccharide compositions are given as [ΔHexA, HexA,
GlcN, SO3, Ac].
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Figure 6.
Chip-based amide-HILIC LC/QTOF-MS of a 30% lyase digestion of bovine kidney HS, 0.5
µg injected; (a) BPC, m/z 200–1000; HS oligosaccharide relative abundances (b) Δdp2, (c)
Δdp4, (d) Δdp6, (e) Δdp8, (f) Δdp10, (g) Δdp12. Oligosaccharide compositions are given as
[ΔHexA, HexA, GlcN, SO3, Ac].
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