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Abstract

Heparin is a critically important anticoagulant drug that was contaminated with a persulfonated
polysaccharide in 2008, resulting in a number of severe adverse reactions, some leading to death.
Controversy remains as to the precise composition of the 2008 contaminant and new information
suggests that heparin may now be subject to adulteration with a new, difficult to detect,
contaminant, N-sulfo oversulfated chondroitin sulfate. This study synthesizes this new potential
contaminant and describes the use of radical depolymerization followed by liquid
chromatography-mass spectrometry to detect N-sulfo oversulfated chondroitin sulfate and to
confirm the structure of the 2008 contaminant as oversulfated chondroitin sulfate and not
oversulfated heparan sulfate.
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Heparin is an important and widely used anticoagulant that is an essential component of
modern medicine.! This polysaccharide natural product is prepared in ton quantities
principally from pig intestinal tissues.2 In 2008 there was a contamination crisis involving
much of the world’s heparin supply coming from China and associated with severe
anaphlyactoid reactions leading to patient deaths.2 The contamination of heparin was
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believed to be deliberate and the adulterant causing these reactions was identified as an
oversulfated chondroitin sulfate (OSCS)# that was prepared by the chemical sulfonation® of
an inexpensive nutraceutical polysaccharide, chondroitin sulfate (CS).8 In the aftermath of
the 2008 contamination crisis, there was some disagreement as to whether or not OSCS was
the sole contaminant in the adulterated heparin and it was speculated that heparan sulfate
(HS), a side-stream in heparin manufacturing, might have been chemically sulfonated to
prepare oversulfated heparan sulfate (OSHS) and also used as an adulterant.” A rigorous
discussion of this possibility ensued,?? but a consensus arose that the principal contaminant
present was OSCS and that no conclusive evidence supported the presence of OSHS in
contaminated lots of heparin.10.11

Since the contamination crisis there has been extensive efforts aimed at ensuring the safety
of the heparin supply.® Better control has been placed on the collection and processing of
animal tissues used to prepare raw heparin, new analytical methods have been develop to
detect OSCS in heparin,12 the monographs controlling heparin active pharmaceutical
ingredient (API) have been revised,13 and new efforts are underway to chemically
synthesize or bioengineer heparins to reduce dependence on animal-sourced heparin.14 The
updated United States Pharmacopeia (USP) monograph now contains two assays useful for
determining the absolute concentration of OSCS in heparin API, relying on proton nuclear
magnetic resonance spectrometry (*H-NMR) and ion-exchange high performance liquid
chromatography (HPLC).1® One additional assay examines the relative amounts of
glucosamine (present in heparin and HS) and galactosamine (present in chondroitin
sulfates), to test for both OSCS contaminant and chondroitin sulfate impurities, both
containing galactosamine.13 Because of the polyanionic nature of glycosaminoglycans,
capillary electrophoresis (CE) has also applied to analyze both contaminants and impurities
in heparin, such as OSCS and dermatan sulfate.16 Despite these efforts there was a
disturbing report that a new contaminant, N-deacetylated/N-sulfonated OSCS (NSOSCS),
which is difficult to detect using current analytical methods, was making its way into
heparin AP in Asian countries.1® The current USP 1H-NMR assay, focused on the absence
of the N-acetyl signal associated with OSCS at 2.08 ppm, fails to detect the N-deacetylated
polysaccharide, NSOSCS, and the current HPLC assay is often not performed at a
sufficiently high salt elution to detect the presence of the very highly sulfated NSOSCS
(OSCS has four negatively charged sulfo groups/ disaccharide repeating unit while NSOSCS
has five sulfo groups/ disaccharide repeating unit). Moreover, the relative ratio of
glucosamine to galactosamine can be readily manipulated through the addition of small
amounts of the inexpensive monosaccharide, glucosamine. The similar capillary
electrophoresis (CE) migration rates of glycosaminoglycan-based contaminants also make it
difficult to distinguish these polysaccharides by CE. Furthermore, enzymatic
depolymerization reactions using polysaccharide lyases, pioneered in our laboratory for the
selective depolymerization of natural glycosaminoglycans for oligosaccharide analysis, 1718
does not work on the unnatural structures present in chemically sulfonated
glycosaminoglycans. Based on these concerns, our laboratory undertook to devise a
sensitive assay that could be used to detect all chemically sulfonated glycosaminoglycan-
based contaminants.

Reactive oxygen species (ROS), generated through the use of chemical reagents and
radiation have been previously used to depolymerize sulfated polysaccharides.1?-22 Unlike
enzymatic or base catalyzed depolymerization, ROS-based depolymerization is relatively
non-selective fragmenting a wide variety of polysaccharides, even ones resistant to
enzymatic depolymerization.23 ROS-based depolymerization has been applied to
glycosaminoglycans, such as heparin,1® chondroitin/dermatan sulfate,29 hyaluronan,?! and
marine glycosaminoglycans.22 These studies demonstrate that ROS-based depolymerization
is highly reproducible route to degrade glycosaminoglycans. Moreover, unlike acid
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hydrolysis, there is no preferential cleavage of side chains or sulfo groups and the primary
structure of the molecule is retained after ROS-based depolymerization. As a consequence,
we selected ROS-based depolymerization to investigate the glycosaminoglycans resistant to
enzymatic depolymerization, including OSCS, OSHS and NSOSCS, using copper ion and
hydrogen peroxide followed by liquid chromatography-mass spectrometry (LC-MS).

The syntheses of oversulfated polysaccharides were adapted from published methods (see
Supporting Information for detailed Methods and Figure S1). OSCS was prepared through
the treatment of the tetrabutylammonium salt of CS with sulfur trioxide-pyridine complex in
dimethylformamide.> OSHS was synthesized from porcine intestinal HS and relied on the
same chemistry but required a subsequent N-sulfonation in aqueous sodium bicarbonate to
replace N-sulfo groups lost on O-sulfonation?* The synthesis of NSOSCS began with de-N-
acetylation of CS using hydrazine/hydrazine sulfate, O-sulfonation in dimethylformamide,
and aqueous N-sulfonation. 24 1H-NMR characterization of each derivative confirmed their
structures (Figures S2-S4).

The oxidative depolymerization of OSCS, OSHS, NSOSCS and contaminated heparin relied
on treatment with hydrogen peroxide and cupric acetate at 45 °C for 3 h, after which the
reaction was quenched with sodium bisulfite (Figure 1).22 The level, of polysaccharide
degradation, was controlled by altering the amount of hydrogen peroxide (Figure S5), and
the conditions for nearly completely degradation (0.6% H,O, in water v/v) were applied.
Hydrophilic interaction liquid chromatography (HILIC)-MS analysis, which had been
recently demonstrated on low molecular weight heparins,2> was utilized for the direct
analysis of ROS-treated chemically sulfonated glycosaminoglycans.

Direct analysis of oxidatively depolymerized OSCS and OSHS by HILIC-MS showed m/z
357.4674 and m/z 538.9639 peaks corresponding to [M-2H]% ion for tetrasulfated
disaccharide and hexasulfated trisaccharide, respectively (Figure 2). The OSCS- derived and
OSHS-derived hexasulfated trisaccharides showed baseline separation on HILIC so they
were used for quantitative analysis (Figures 2 and 3). Using extracted ion chromatography,
as little as 0.1 wt% OSCS could be detected in heparin (Figure 3) with a 97-105% recovery
(Table 1). Examination of a formulated sample of contaminated heparin showed 19.45 +
0.37 wt% OSCS and no OSHS present (Figure 3b) consistent with its previous analysis by a
number of other methods.1! Next, we analyzed oxidatively depolymerized NSOSCS by
HILIC-MS and it showed an m/z 376.4405 peak corresponding to [M-2H]2~ ion for a unique
pentasulfated disaccharide (Figure 3c).

Following oxidative depolymerization the absence of a characteristic HILIC-MS peaks for
OSHS tetrasulfated disaccharide and hexasulfated trisaccharide, corresponding to [M-2H]%~
ions of m/z 357.4674 and m/z 538.9639, again confirm the identity of the contaminant as
OSCS in a 2008 contaminated heparin sample.

A rapid and sensitive method for the analysis of unnatural, chemically sulfonated
polysaccharide contaminants in heparin has been developed that relies on oxidative
depolymerization followed by LC-MS. This method confirms that OSCS was the sole
contaminant in Chinese heparin contaminated in 2008 and that OSHS was not present. This
method is also capable of detecting a new potential contaminant, NSOSCS, which cannot be
detected by current USP assays, and has been recently reported present in heparin API
produced in Asia. NSOSCS contaminated heparin samples are not currently available to test
our method, so it was only tested on heparin spiked with NSOCS.
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Chemical synthesis of oversulfated glycosaminoglycans

OSCS was synthesized by the chemical O-sulfonation of the tetrabutylammonium salt of
chondroitin sulfate with sulfur trioxide-pyridine in anhydrous N, N'-dimethylformamide.
OSHS and NSOSCS were synthesized from heparan sulfate and chondroitin sulfate,
respectively, by hydrazine/hydrazine sulfatecatalyzed de-N-acetylation and oxidation with
iodine followed by chemical O-sulfonation of their tetrabutylammonium salts with sulfur
trioxide-pyridine in anhydrous N, N’ -dimethylformamide and subsequent N-sulfonation in
aqueous sodium carbonate using sulfur trioxide-trimethylamine complex.

Controlled oxidative depolymerization and HILIC LC-FTMS analysis

Glycosaminoglycan samples were degraded by controlled oxidative depolymerization using
hydrogen peroxide and cupric acetate. Sodium bisulfite was added to terminate the reaction
by removing excess unreacted hydrogen peroxide and the reaction mixture was then
lyophilized. The mixture of oligosaccharides, generated from oxidative depolymerization of
heparin, OSHS, OSCS and NSOSCS, were fractionated by HILIC-HPLC column using an
aqueous ammonium acetate-acetonitrile gradient connected online to the standard ESI
source of LTQ-Orbitrap XL FT MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Oxidative depolymerization and HILIC-MS of heparin, OSHS, OSCS and NSOSCS. a.
Structure of polysaccharides and their persulfonated derivatives, where R is H or SO3~ with
the superscript referring to its ring-position, Y is COCHg, or SO3~, m=0or 1, n = 8-60
(depending on chain molecular weight), and their oxidative depolymerization to a mixture of
oligosaccharides. b. HILIC-MS the mixture of oligosaccharides afforded through oxidative
depolymerization affords the following structures with diagnostic [M-2H]?~ ions. c.
Proposed mechanism for radical depolymerization of heparin, heparan sulfate, chondroitin
sulfate and their sulfonated derivatives.1%-26 Cupric acetate and hydrogen peroxide for
hydroxyl radicals that can abstract the hydrogen, resulting in a radical species that can
fragment the chain at the glycosidic linkage. Further radical reactions can result in the
recovery of the reducing end sugar breakdown of the non-reducing end sugar. R3 and R* are
H or SO3~ or the anomeric carbon of the next sugar, Y is COCHg, or SO3™.
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Figure 2.
Extracted ion chromatograms of peaks a. at m/z 357.4674 (= 5 ppm) and at b. m/z 538.9639

(= 5 ppm). Samples are heparin (black), contaminated heparin sample (red), oversulfated
chondroitin sulfate (green), and oversulfated heparan sulfate (blue).
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Figure 3.

HILIC-MS analysis of the mixture of oligosaccharides afforded through oxidative
depolymerization of heparin, OSHS, OSCS and NSOSCS. a. High resolution mass analysis
of depolymerized oligomers. The total ion chromatogram of ROS radical depolymerized
OSCS analyzed by HILIC-MS. Peak 2, indicated by the star was selected as a characteristic
marker for the presence of OSCS. The mass spectrum for peak 2 ((1,2,2,6), where the
oligosaccharide compositions are given as (HexA, HexN, Ac, SO3)) is shown (blue). The
theoretical mass data for 2 (1,2,2,6) is also presented (red). b. HILIC-MS EIC of mass
538.9639 (+ 5 ppm) of oxidatively depolymerized: heparin (black), contaminated heparin
sample (red), OSCS (green), and OSHS (blue). c. HILIC-MS EIC of mass 376.4405 (= 5
ppm) of oxidatively depolymerized: heparin (black), contaminated heparin sample (red),
OSCS (green), and NSOSCS (yellow). d. Detection of different amounts of OSCS added to
heparin following oxidative depolymerization by HILIC-MS EIC of mass 538.963.
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