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a b s t r a c t

The sulfo groups of glycosaminoglycans contribute to their high charge densities, and are critical for the
role they play in various physiological and pathophysiological processes. Unfortunately, the sulfo groups
can be hydrolyzed to inorganic sulfate. Thus, it is important to monitor the presence of these sulfo groups.
In addition, free anions, including chloride, sulfate and acetate, are often present in glycosaminoglycans
as a result of multiple purification steps, and their presence also needs to be monitored. In this report, ion
chromatography with conductivity detection is used to analyze the anions present in glycosaminogly-
cans, including heparin, heparan sulfate, chondroitin sulfate and dermatan sulfate. This method allows
lycosaminoglycans
nions
igh-performance anion exchange
hromatography (HPAEC)
tructure
uality

quantitation over a wide range of concentrations, affording a limit of quantitation of 0.1 ppm and a limit
of detection of 0.05 ppm for most anions of interest. The stability of heparin was also studied, providing
data on the formation of both sulfate and acetate anions.

© 2014 Elsevier Ltd. All rights reserved.
eparin stability

. Introduction

Glycosaminoglycans (GAGs) are linear, acidic polysaccharides
ound within cells, on cell surfaces, and in the surrounding extra-
ellular matrix. Through their interaction with proteins, GAGs
articipate in and regulate many cellular events as well as physio-

ogical and pathophysiological processes, such as cell proliferation
nd differentiation, cell–cell and cell–matrix interactions, and
iral infection (Wu, Zhang, Beeler, Kuberan & Rosenberg, 2002;
apila & Linhardt, 2002; Bernfield et al., 1999). GAGs are com-
osed of repeating disaccharide units (Fig. 1), and they are divided

nto four main categories, hyaluronic acid (HA), chondroitin sul-
ate/dermatan sulfate (CS/DS), heparan sulfate/heparin (HS/Hp)

nd keratan sulfate (KS), based on their monosaccharide com-
osition and the configuration and position of their glycosidic

inkages. Differences in the specificity of interaction between

∗ Corresponding author. Tel.: +86 51265882593; fax: +86 51265882593.
E-mail address: z zhang@suda.edu.cn (Z. Zhang).

ttp://dx.doi.org/10.1016/j.carbpol.2014.02.076
144-8617/© 2014 Elsevier Ltd. All rights reserved.
GAGs and their binding proteins result from the structural diver-
sity of GAGs, including type, size, saccharide composition, charge
density, sequence and molecular weight (Taylor & Gallo, 2006;
Sasisekharan, Raman & Prabhakar, 2006). Charge density, a critical
factor for GAG–protein interaction specificity, often depends on the
degree of sulfation of a GAG (Zsila & Gedeon, 2006). The impact of
charge density on the proper functioning of a GAG is usually greater
than the other structural properties of GAG (Yard, Lorentz, Herr &
van der Woude, 1998; Naimy, Buczek-Thomas, Nugent, Leymarie
& Zaia, 2011; Mummery, Mulloy & Rider, 2007). The amount of
sulfation present in a GAG sample is not only related to its bio-
logical function but also provides information on the quality of
that sample and on the presence of impurities or contaminants
(Bo, Muschin, Kanamoto, Nakashima, & Yoshida, 2013; Nilasaroya,
Poole-Warren, Whitelock, Martens, 2008). Thus, an assessment of
the sulfo group content of a GAG is necessary for appropriate quality

control.

Heparin, one of a few carbohydrate drugs, is widely used as
an anticoagulant and has the highest sulfo group content of all
GAGs (Liu, Zhang & Linhardt, 2009). Because of its high charge

dx.doi.org/10.1016/j.carbpol.2014.02.076
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.02.076&domain=pdf
mailto:z_zhang@suda.edu.cn
dx.doi.org/10.1016/j.carbpol.2014.02.076
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Fig. 1. Structures of heparin (Hp), heparan sulfate (

ensity, heparin also shows many other biological activities
hrough its binding to various proteins. Heparin was contami-
ated with oversulfated chondroitin sulfate (OSCS) in 2007–2008
Guerrini et al., 2008; Zhang et al., 2008, 2009). This contamina-
ion crisis was associated with the deaths of nearly 100 Americans
Liu, Zhang & Linhardt, 2009). The structure and activity of OSCS
ere so similar to heparin that this contaminant was difficult to
etect by the standard pharmacopeial methods in place at the
ime of the heparin crisis. Other GAGs, such as DS, are often found
n both crude heparin and heparin active pharmaceutical ingre-
ient (API) as impurities, as a result of inefficient purification
Guerrini et al., 2008; Zhang et al., 2009). Some methods have
een recently developed to detect and analyze these GAGs in hep-
rin products (Trehy, Reepmeyer, Kolinski, Westengerger, & Buhse,
009; Somsen, Tak, Torano, Jongen, & deJong, 2009; Limtiaco, Jones,

Larive, 2009; Guerrini et al., 2009; Fu et al., 2013) but most
f these assays are not straightforward. Because the sulfo group
ontents are different for different GAGs, methods that quanti-
ate sulfation levels can be used to evaluate the purity of heparin
PI.

Heparan sulfate (HS) is related to heparin and is the most
tructurally complex GAG (Sugahara & Kitagawa, 2002). Because
f its structural heterogeneity, HS is an important regulator of
ignaling molecules in many physiological and pathophysiologi-
al processes (Princivalle & de Agostini, 2002; Edwards & Edwards,
012; Kennedy, 2012). Characterization of its structural properties,
uch as degree of sulfation, can help explain its various activities
Poole, 1986).

Chondroitin sulfate (CS) has also been used for many years as a
utraceutical and in medicine (Bartus, James, Bosch, & Bradbury,
012; Sharma, Wood, Richardson, Roberts, & Kuiper, 2007). CS

s divided into CS-A (GlcA-GalNAc4S), CS-B (DS, IdoA-GalNAc4S),
S-C (GlcA-GalNAc6S), CS-D (GlcA2S-GalNAc6S) and CS-E (GlcA2S-
alNAc4S) based on differences in sulfation pattern and sugar
omposition. These CS GAGs are primarily extracted from animal
issues. The different applications for each CS often depends on
heir degree of sulfation (Barroca & Jacquinet, 2002).

The sulfo groups covalently linked to GAGs are labile and can be
eleased as inorganic sulfate anions on prolonged storage or on stor-

ge under improper conditions (Zaia, 2013; Zaia & Costello, 2003).
ifferent salts and buffers are often used in the commercial pro-
uction of GAGs (Liu, Zhang & Linhardt, 2009). Thus, it is critical
hondroitin sulfate (CS), and dermatan sulfate (DS).

to monitor the presence of anions, introduced in the production of
GAGs or in GAG decomposition, to ensure GAG purity and stability.

High performance anion exchange chromatography (HPAEC)
has been developed to quantify free sulfate and other anions with
high resolution and high sensitivity (Morales, de Graterol & Mesa,
2000; Cole & Evrovski, 1997; McPhee, Atkinson & Cole, 1990; Singh
& Nancollas, 1988; Morris & Levy, 1988). Compared to combustion
analysis, titration and colorimetric methods (Greweling, Bache &
Lisk, 1972; Lambert & Ramasamy, 1975; Harenberg et al., 2009),
quantitative analysis of sulfate by HPAEC is faster, requires less
labor and sample consumption, can differentiate between free or
covalently bound sulfate before and after hydrolysis, can provide
information on other ions present, and can improve analytical
sensitivity, precision, and accuracy. The recent US Pharmacopeia
monograph on enoxaparin for injection requires sulfate group con-
tent testing by HPAEC (United State Pharmacopeial Convention,
2012).

In this paper, we compare free anions, including chloride,
acetate, phosphate and sulfate in GAG products; analyze the degree
of sulfation of heparin, HS, CS-A, and DS; monitor the sulfate and
acetate group levels in heparin stability studies; and inspect the
release of sulfate and acetate under various conditions.

2. Experimental

2.1. Materials

Two heparin standards were purchased from United State Phar-
macopeia (USP, Rockville, MD) and Chinese National Institutes for
Food and Drug Control (NIFDC, Beijing, PR China), respectively.
Heparin, HS and DS were purchased from Celsus (Cincinnati, OH).
Heparin, CS-A, HA and Certified Multi-anion Standard Solution
PRIMUS (10 mg/kg ± 0.2% F−, Cl−, Br−, NO3

−, SO4
2−, PO4

3− of each
anion) were purchased from Sigma–Aldrich (St. Louis, MO). Two
lots of heparin were provided by a plant in China. High-purity water
(resistivity ≥ 18.2 M� cm, 25 ◦C) was used throughout this study.
All chemicals and reagents were of HPLC grade.

2.2. Standard and sample preparation
Standards—Five multi-anion standard solutions were prepared
at a series of concentrations (0.1, 1, 2, 4, 5 ppm of each anion) in
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ltrapure water. Five sodium acetate solutions were also prepared
t same concentrations.

Intact GAG samples—GAGs were dissolved in water and
yophilized to remove the water of hydration. These lyophilized
AG products were then prepared at 0.25 mg/mL to analyze their
ontent of free anions.

Hydrolyzed GAG samples—Specific amounts of lyophilized
AGs were dissolved in a 2 M aqueous TFA solution to obtain a
nal solution of 5 mg/mL. Hydrolysis was carried out on 1 mL of
olution at 100 ◦C over 24 h. The hydrolysates were monitored by
LC to confirm the completeness of hydrolysis (Zhang, Xie, Zhang,
Linhardt, 2007). Excess TFA was removed and the hydrolysates
ere dried using a SpeedVac concentrator (Labconco, Kansas City,
O), as previously described (Zhang, Khan, Nunez, Chess, & Szabo,

012). The hydrolysates were re-dissolved in water and neutralized
ith dilute NaOH solution before they were diluted with water to

00 mL in volumetric flasks. The solutions at a final concentration
f 10 ppm were ready for analysis.

Samples for heparin stability experiments—Heparin powder
Celsus) with a particle size of ≤5 mm was incubated at 30, 60 and
0 ◦C. Aliquots were removed at 0, 5, 12, 24, 48, and 96 h. Each
ample was dissolved in ultrapure water to afford a final concen-
ration of 0.5 mg/mL and stored at −40 ◦C before analysis. Heparin
Celsus) was dissolved in 0.1 M hydrochloric acid and 0.1 M sodium
ydroxide solutions at final concentrations of 5 mg/mL. Aliquots of
olutions stored at 30, 60 and 80 ◦C were taken out at 0, 1, 2, 5, 12,
4 h. Each aliquot was neutralized with dilute NaOH or dilute HCl,
iluted with water to final concentration of 0.5 mg/mL, and stored
t −40 ◦C before analysis.

The intact and hydrolyzed samples were analyzed in triplicate,
hile the standard curves and stability experiment were performed

n duplicate. The standard deviations of results from hydrolyzed
amples and stability experiments were calculated based on com-
lete replicate analysis using the standard curves.

.3. HPAEC analysis

The analysis was performed on a Metrohm 850 Professional sys-
em with a 919 IC auto-sampler plus, dual pumps and a conductivity
etector (Herisau, Switzerland). Data was acquired and analyzed
ith software MagIC Net 2.3 (Herisau, Switzerland). Chromatog-

aphy was performed on a Metrosep A Supp 5 analytical column
4 × 150 mm, Metrohm, Herisau, Switzerland) with a Metrosep A
upp Guard column (4 × 5 mm, Metrohm, Herisau, Switzerland) at
0 ◦C. The isocratic mobile phase consisted of 3.2 mM sodium car-
onate and 1.0 mM sodium bicarbonate delivered at 0.7 mL/min.
he injection volume was set to 20 �L and the data acquisition time
as set to 20 min.

. Results

.1. Method development

The method developed for quantitation of fluoride, acetate,
hloride, bromide, nitrate, phosphate and sulfate gave a limit of
uantitation (LOQ) of 0.1 ppm (20 �L). These anions are observed

n a chromatogram at about 4.1, 4.6, 5.9, 8.7, 9.8, 14.0 and 16.0 min,
espectively. (Fig. 1a and b) The negative peak, observed at about
.5 min, is believed to be solvent peak (water). The limit of detection
LOD) of the anions was 0.05 ppm with the exception of chloride,
hich was 0.01 ppm (see Supplemental Information Fig. S1a–c).
he peak areas of each ion, plotted as a function of its concen-
rations, gave good linearity over a wide range of concentrations
0.1–5 ppm) and the representative standard curves of acetate,
hloride and sulfate are shown in Fig. 2c–e. The standard curves of
ers 106 (2014) 343–350 345

other anions were shown in Supplemental Information Fig. S1d–g.
The standards were analyzed in duplicate. Some of their standard
deviations were too small to be observed in Fig. 2c–e and Fig. S1d–g,
suggesting good repeatability for the HPAEC method.

3.2. Free anion detection in GAG products

The chromatograms of free anions in six heparins from differ-
ent companies, and one source each for HS, CS and DS are shown in
Fig. 3. Free sulfate was observed at ∼16.0 min. The sulfate contents
of the most samples ranged from 0.1 to 1.3% (w/w). However, no
free sulfate groups, above the LOQ, were observed in the hep-
arin API obtained from a Chinese heparin manufacturer. The free
sulfate could result from the purification, drying, or storage pro-
cesses. Sodium chloride is applied abundantly in GAG production
processes, so chloride is another major free anion observed in all
of these GAGs at ∼5.9 min. The chloride content of these samples
reflects the inefficiency of desalting. The highest chloride content
(∼3.9%) was observed in one heparin from a Chinese manufac-
turer. The chloride contents of other samples were about 0.5% or
lower. Phosphate was observed, at about ∼14.0 min, only in the
chromatogram of CS-A. Another peak, observed at ∼4.8 min in all
the samples, with the exception of the two standard heparins, was
not included in standard ion solution and was confirmed to be
acetate (Fig. 2b). The acetate anion could result from the instabil-
ity of the N-acetylated polysaccharides and/or could be introduced
in the production process. The contents of all observed anions are
presented in Table 1. The standard deviations are low.

3.3. Determination of covalently bound sulfate in GAG products

TLC results showed that the carbohydrate hydrolysates were
unsulfated (data not shown) and confirmed that TFA treatment
released all of the sulfo groups from each GAG. In addition to
the sulfate anion, residual TFA was also observed as its anion at
∼8.05 min in all the chromatograms of the hydrolyzed samples
(Fig. 4). A chromatogram of multi-anion standards (Fig. 4a), a rep-
resentative chromatogram of hydrolyzed USP heparin standard
(Fig. 4b), and a chromatogram of TFA (Fig. 4c) are presented.
The sulfate content (%SO3Na) of each GAG was calculated and is
listed in Table 1. The sulfate contents of the heparin samples dif-
fered slightly, the heparin standard from the USP had the lowest
sulfate content (∼34.2%, w/w), while the heparin standard from
NIFDC had the highest sulfate content (∼38.2%, w/w). The standard
deviations in this experiment are higher than that of free anion
analysis. The order of sulfo group content was Hp > DS > HS > CS-A.
An acetate anion signal was not observed in any of the hydrolyzed
samples.

3.4. Stability study on heparin

Three conditions were applied to test heparin stability at tem-
peratures of 30 ◦C, 60 ◦C, and 80 ◦C. Representative chromatograms
of samples from this stability study are presented in Fig. 5. The
chromatograms of heparin in dry powder treated at 80 ◦C for 96 h
(Fig. 5a), of heparin in 0.1 M HCl at 80 ◦C for 24 h (Fig. 5b), and of hep-
arin in 0.1 M NaOH at 80 ◦C for 24 h (Fig. 5c) are presented. Acetate
and sulfate anions were observed at ∼4.7 and ∼16.0 min, respec-
tively. In addition, a large peak for chloride anion was observed
in chromatograms of acidic and alkaline treated samples. Chloride
anion was introduced when each aliquot was treated or neutral-
ized. Because this chloride anion was overloaded in the analysis,

its retention time was observed later than that of standard at
∼6.1 min, as confirmed by the analysis of a diluted sample. This
chromatogram is shown in Supplemental Information Fig. S2. All
experiments released an increasing amount of sulfate and acetate
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Fig. 2. Chromatograms and standard curves of anion standards. (a) Chromatogram of multi-anion standard; (b) chromatogram of acetate standard; (c) standard curve of
a

a
p

i
a
s

cetate; (d) standard curve of chloride; and (e) standard curve of sulfate.

nions (SO4
2− and OAc−) over time and their concentrations are

lotted as a function of time in Fig. 6.
In the experiment with dry powder sample, a small but an
ncreasing amount of sulfate anion and acetate anion was observed
s a function of time. At 30 ◦C and 60 ◦C, sulfate anion appeared
lowly at a similar rate. The rate of sulfate anion appearance was
much higher at 80 ◦C (Fig. 6a). The appearance of acetate anion
was not significantly different at different temperatures. The rate
of acetate anion appearance was high for the first 24 h, and then

slowed afterwards (Fig. 6b).

In the experiment using 0.1 M HCl, an increasing amount of sul-
fate anion and acetate anion was observed as a function of time.
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Fig. 3. Chromatograms of free anions in GAG products. (a) Chromatogram of free
anions in heparin from the USP; (b) chromatogram of free anions in heparin from the
NIFDC; (c) chromatogram of free anions in heparin from Sigma; (d) chromatogram
of free anions in heparin from Celsus; (e) chromatogram of free anions in heparin-1
from a plant in China; (f) chromatogram of free anions in heparin-2 from a plant in
China; (g) chromatogram of free anions in HS from Celsus; (h) chromatogram of free
anions in CS-A from Sigma; and (i) chromatogram of free anions in DS from Celsus.

Fig. 4. Chromatograms of sulfate released from GAGs. (a) Chromatogram of released
anions from heparin (USP) and (b) chromatogram of TFA.

Fig. 5. Chromatograms of anions in heparin stability experiments. (a) Chro-
matogram of anions tested in solid heparin treated at 80 ◦C for 96 h; (b)
chromatogram of anions formed from heparin in acidic solution at 80 ◦C for 24 h;

and (c) chromatogram of anions formed from heparin in alkaline solution at 80 ◦C
for 24 h.

Sulfate anion appearance at the three temperatures tested showed
similar trends but resulted in significantly different levels of sul-
fate anion (Fig. 6c). At higher temperatures (60 ◦C and 80 ◦C), a
large amount of sulfate anion was released from heparin at a high
rate in the first 10 h, but slowed down gradually over time. At the
lower temperature (30 ◦C), the release of sulfate anion was much
lower. A significant amount of acetate anion was also released from
heparin, and the rate of its appearance was different at different
temperatures (Fig. 6d).

The results using 0.1 M NaOH were similar to those using 0.1 M
HCl. A large amount of sulfate anion was also observed in 60 ◦C
and 80 ◦C, which was released from heparin quickly in the first 10 h
and then slowly afterwards. However, the level of release curve in
0.1 M NaOH was lower than that observed using 0.1 M HCl (Fig. 6e).
A large amount of acetate anion was released from heparin under
alkaline conditions at a high rate and the final concentration of

acetate anion was about 4–5-times higher than observed in 0.1 M
HCl (Fig. 6f).
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Table 1
Anion content and sulfation level of various GAGs (TFA hydrolysis, n = 3).

% (w/w) Hp USP Hp NIFDC Hp Sigma Hp Celsus Hp-1 Hp-2 HS Celsus CS-A Sigma DS Celsus

SO4
2− a 0.4 ± 0.0 1.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 n.d. n.d. 0.1 ± 0.0 0.4 ± 0.0 0.1 ± 0.0

Cl− a 0.5 ± 0.0 0.5 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 3.9 ± 0.1 0.4 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
PO4

3− a n.d.d n.d. n.d. n.d. n.d. n.d. n.d. 0.1 ± 0.0 n.d.
Hydrolysate-SO3Nab 34 ± 2 38 ± 3 35 ± 3 34 ± 2 37 ± 4 37 ± 3 18 ± 2 16 ± 3 19 ± 1
Degree of sulfatec 2.0 2.4 2.1 2.0 2.3 2.3 0.85 0.76 0.94

a The content of free anion was calculated from weight of free anion divided by total weight.
b The content of covalent sulfo group with sodium was calculated from weight of SO3Na divided by the weight of the pure GAG.
c Degree of sulfate was calculated by moles of sulfate released divided by moles of disaccharide unit in GAG backbone.
d n.d. = non detectable.

Fig. 6. Anion concentrations tested measured as a function of time in heparin stability experiments. (a) Sulfate anion concentrations from solid heparin treated at 30 ◦C,
60 ◦C and 80 ◦C were plotted as a function of time; (b) acetate anion concentrations in solid heparin treated at 30 ◦C, 60 ◦C and 80 ◦C were plotted as a function of time; (c)
sulfate anion concentrations from heparin in acidic solution (0.1 M HCl) at 30 ◦C, 60 ◦C and 80 ◦C were plotted as a function of time; (d) acetate anion concentrations from
h as a f
( etate a
a spond

4

a
p
L
t
s

eparin in acidic solution (0.1 M HCl) treated at 30 ◦C, 60 ◦C and 80 ◦C were plotted
0.1 M NaOH) at 30 ◦C, 60 ◦C and 80 ◦C were plotted as a function of time; and (f) ac
nd 80 ◦C were plotted as a function of time. The symbols of -♦-, -�-, and -�- corre

. Discussion and conclusions

In this paper, a sensitive and precise method was developed to
nalyze free sulfate anion and sulfo group content of GAG sam-

les. This method has a LOD of 0.05 ppm for the most anions, a
OQ of 0.1 ppm (20 �L) and a wide range of delectable concen-
rations, from 0.1 ppm to 5 ppm for the anions examined in this
tudy. The current method detects sulfate as well as other anions
unction of time; (e) sulfate anion concentrations from heparin in alkaline solution
nion concentrations from heparin in alkaline solution (0.1 M NaOH) at 30 ◦C, 60 ◦C
to the results tested at 30 ◦C, 60 ◦C and 80 ◦C, respectively.

commonly encountered in GAG samples and is not interfered with
by cations or polymers present in the assay solution. The small
standard deviations in determining anion standards and free anions
in GAG samples suggest that this method has good precision.

Hydrolysis and sample treatment steps appear to be the major
factor contributing to higher standard deviations observed when
determining sulfo group content of GAG samples, and in the GAG
stability study.
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Free sulfate, chloride, phosphate, and acetate anions were
bserved in the various GAG samples examined. Presumably, chlo-
ide remained from extraction and purification processes used
o make these products. Sulfate anion detected could have been
eleased from GAG samples during processing. Acetate anion
etected could have been released from N-acetyl groups of GAG
ample and/or during bleaching of GAG sample with peracetic acid
nd/or in another processing step. Acetate anion has been previ-
usly reported in heparin products (Zhang et al., 2009). The current
ethod provides a comprehensive approach for monitoring the
ajor anions present in GAG products and may be useful for ana-

yzing other sulfated polysaccharides.
In addition, this work provides compositional information on

AG samples. In heparin, trisulfated disaccharides correspond
o the major structural units (60–80%), containing 46.5% (w/w)
ulfo groups (SO3Na). The HS and undersulfated domain in hep-
rin have much lower sulfo group content. The current study
hows an average sulfate content of porcine intestinal heparin
f ∼36%. This corresponds to an average degree of sulfation of
2.2 sulfo groups/disaccharide repeating unit, based on an aver-
ge molecular weight of a disaccharide unit of ∼600 Da. DS having
relatively homogeneous sequence, consisting of one 4-O-sulfo

roup/disaccharide unit, should theoretically correspond to a sulfo
roup content of 21.4%. The result in the current study was 19.4%,
orresponding to 0.94 sulfo groups per disaccharide repeating unit,
ust below the theoretical value, suggesting the presence of a small
umber of unsulfated disaccharide units. The sulfo group content
f CS-A was 16.3%, significantly lower than DS, suggesting that CS-A
ontains a larger content of unsulfated disaccharide units.

The determination of the acetyl group content of GAG samples
as another important analytical target of this study. However,

cetate anion was not observed in hydrolyzed GAG samples. Clearly
FA, was either insufficiently acidic for the hydrolysis of GAG N-
cetyl groups, or, more likely, the acetate anion was converted to
cetic acid and lost during the evaporative removal of TFA.

In the stability study on the dry powder heparin sample, little if
ny sulfate or acetate anion was observed after four days at 30 ◦C
nd 60 ◦C. Even at 80 ◦C, only ∼0.6% sulfate anion formed, clearly
emonstrating the stability of heparin in the solid state under these
onditions.

However, a large amount of sulfate anion was observed in hep-
rin stored in acidic solution (0.1 M HCl). The sulfo groups were
eleased very quickly (in the first 10 h) in a temperature-dependent
anner (Fig. 6c). At 80 ◦C, sulfate anion was formed very slow, and

id not reach the plateau over the time examined. Thus, it was nec-
ssary to use a higher concentration of acid (2 M TFA) and a higher
emperature (100 ◦C) to completely release covalently bound sul-
ate from GAG samples. Only about half of the total bound sulfate
as released under base-catalyzed hydrolysis, confirming that the

ulfo groups in heparin are more sensitive to acid than to base. A
ikely mechanism involves the protonation of the oxygen of the
ulfo group by acid followed by hydrolysis. In contrast, 4–5-times
igher amounts of acetate anion were observed in alkaline solution
han in acidic solution. This result confirms the greater sensitiv-
ty of N-acetyl groups to base than to acid. A likely mechanism
nvolves the nucleophilic attack of OH− on the carbonyl of the
-acetyl groups, resulting in base hydrolysis. Moreover, the con-
entrations of released acetate anion reached a plateau (∼22 ppm)
fter ∼15 h under harshest conditions (Fig. 6c), implying that most
cetate groups are released from heparin under these conditions.
ased on a typical molecular weight of ∼600 Da for a heparin disac-
haride unit, the number of acetyl groups in heparin was calculated

o be ∼0.44 per disaccharide repeating unit. In conclusion, pH is an
mportant factor impacting heparin stability in solution.

In this report, we used HPAEC for the efficient and precise anal-
sis of anions in GAGs. This method allows an insight into the
ers 106 (2014) 343–350 349

presence of impurities and the structural properties and stability
of GAGs. Different types of GAGs were analyzed for the presence
of free anions and their content of covalently bound sulfate. Free
sulfate, chloride, acetate and/or phosphate anions were observed
in some GAG products. The covalently bound anionic substituents
could also be analyzed using this method. Sulfo groups, a particu-
larly important structural element of GAGs could be determined.
The current method can be used in the quality control of hep-
arin and other GAGs. Heparin stability was also examined and we
report the first data on the release of sulfate and acetate anions
(Jandik, Kruep, Cartier & Linhardt, 1996). An increasing amount of
sulfate and acetate ions were released as a function of time, giving
important data on heparin stability at different temperatures and
under high and low pH conditions. These results provide important
information in establishing processes for heparin purification.
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