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The seven reviews and the eleven articles in this special issue provide an updated survey of recent
research and developments in the ever-growing field of heparin, along with low molecular weight
heparins (LMWHs) and glycosaminoglycans (GAGs). The complex biosynthetic process, and the
variability of tissues and animal species, has led to heparin chains heterogeneous in size and both N-
and O-sulfation and N-acetylation patterns. Its low concentration in crude extracts, containing other
heterogeneous GAGs, leads to a purification process that is very complex, and which is well-guarded
by manufacturing companies. Van der Meer et al. [1], through a careful inspection of the academic
and patent literature, provide a worthy overview of the multiple steps and variations in purification
processes leading to active pharmaceutical ingredient (API)-grade heparin.

As a consequence of the “heparin crisis” in late 2007, an updating of heparin pharmacopeia
monographies in the USA and the EU with new NMR and HPLC tests increased the quality
control capabilities for crude and API porcine heparins, with some limitations in detecting the
addition of non-porcine crude heparins or other GAG-like contaminants. An improvement to this
process (Mauri L. et al.) [2] resulted from a collaborative study between the G. Ronzoni Institute
and the Division of Pharmaceutical Analysis of Food and Drug Administration (FDA) in the USA.
Analyzing 88 samples of commercial crude heparin through an orthogonal approach based on NMR
chemometrics along with strong anionic exchange (SAX)—HPLC, they could be differentiated with
regard to purity, as well as the mono- and disaccharide composition specific to each GAG family.
Furthermore, heparin/heparan sulfate (HS) from different tissues and animal species, as well as
from different manufacturing processes, can be characterized, and impurities such as dermatan-
and chondroitin-sulfates quantified by the heteronuclear single-quantum correlation (HSQC) NMR
approach and multivariate analysis (PCA).

Lima M. et al. [3] reviewed the newer applications of heparins and its analogs, as well as GAGs
including marine organisms. The wide range of pharmacological activity of heparin can be attributed
to its chemical features, which include heparan sulfate (HS), a widely occurring cell surface-bound
polysaccharide, which participates in cell-cell signaling. Most of its potential applications seem to
be partially associated with its anti-inflammatory effects, as well as to interactions with a multitude
of proteins and inhibition of enzymes involved in pathologic processes, such as heparanase and
metalloproteases. Additionally, the role of such mediators as selectins and galectins in cancer and
metastasis, cathepsin-d and BACE-1, respectively, in Parkinson’s and Alzheimer’s diseases, human and
microbial elastases in cystic fibrosis, and proteases and cytoadherence in parasite infections such
as Leishmaniosis are elucidated. The ability to protect from viral infection through enveloped
glycoproteins can open other potential applications for heparins and GAGs.

Two Italian teams (Poli M. et al.) [4] review their studies and recent findings with regard to
the role of bone morphogenic proteins (BMPs, members of the TGF-β superfamily heparin/HS
binding proteins) in activating the expression of hepcidin, the iron inflammation peptide hormone,
which regulates systemic iron hemostasis, and can be deregulated by heparin. An in vivo screening

Molecules 2018, 23, 293 1 www.mdpi.com/journal/molecules
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allows the identification of non-anticoagulant glycol-split heparin, delivered by osmotic pumps,
and supersulfated LMWH given orally as heparin antagonists and potential candidates for the
treatment of anemias in chronic and genetic diseases.

The interactions and binding sites of heparin/HS with BMPs and cytokines of the TGF-β
superfamily are reviewed by Rider C. and Mulloy B. [5]. The activity of TGF-β-cytokines in controlling
proliferation, differentiation on survival in several cell types are also regulated by a number of
secreted BMP antagonist proteins, the majority of which can also bind heparin. In conclusion,
potential therapeutic applications of TGF-β cytokines on their own and those with BMP interactions
with heparins/HS are described.

In a collaborative study of 6 laboratories in the USA, Europe and India (Bertini S. et al.) [6] the
average MW of 20 lots of bovine mucosal heparin (BMH) were determined with the USP monograph
method in comparison with porcine mucosal heparin (PMH) and bovine lung heparin (BLH) samples.
Even with a wider variation, the average MW of BMH was found to be comparable to that of PMH,
while BLH samples had a lower average MW. An alternative method using a polymer-based column
with light scattering detection provided results that were in good agreement for all samples investigated
in the study.

An article (Kim H. et al.) [7] reports a study exploring, in different bioreactor conditions, the yield,
structure and activity of heparin/HS obtained by expressing serglycin in mammalian cells as an
alternative source of these anticoagulant drugs, as well as of new bioengineered analogs.

Three Italian groups (Truzzi E. et al.) [8] explored the possibility of an intestinal lymphatic
uptake of an orally formulated heparin. Self-assembled lipid nanoparticles were used to stabilize the
heparin-coated iron-oxide nanoparticles. Then, the formulation was characterized with respect to its
physical-chemical properties, encapsulation efficacy, in vitro stability, heparin leaking cytotoxicity and
indirect indication of lymphatic up-take in CaCo2 cells.

A collaborative study by an Israeli and Italian team (Vismara E. et al.) [9] led to the design and
identification of a synthetic strategy for obtaining new theranostic super paramagnetic iron-oxide
nanoparticle (SPION) systems decorating a magnetic iron-oxide core with an optimized ratio of
bioorganic layer and of serum albumin and hyaluronic acid, which was selected to finally include
paclitaxel and improve its efficacy. The TD-NMR experiments suggest their suitability for development
as contrast agents in MRI.

The review by authors from the Departments of Neurosurgery at two US Universities
(Hayman E. et al.) [10] suggests the therapeutic potential of heparins and derivatives for improving
outcomes in aneurysm-associated subarachnoid hemorrhage (a-SAH). Retrospective analysis of
preliminary clinical studies and experimental works suggest that the pleiotropic effects of heparins
can be of benefit in blood-brain barrier dysfunctions, vasospasm, delayed cerebral ischemia
and neuroinflammation preventing leukocyte extravasation, modulation of phagocyte activation,
and inhibition of oxidative stress, all of which are involved in the complex a-SAH frame.

A Belgian team (Minet V.) [11] reviewed all of the current developed and evaluated functional
assays for diagnosis in patients suspected of heparin-induced thrombocytopenia. Drawbacks in
some assays, such as platelet activation and Hit antibody detection, are identified as being due to
interlaboratory variability, lack of standardization and data control and interpretation.

Compositional analysis of both LMWH Dalteparin (Bisio et al.) [12] and Danaparoid
(Gardini C. et al.) [13] and their enzymatically digested oligosaccharides have been determined
at the G. Ronzoni Institute, by a combination of the more advanced LC/MS and NMR analytical
methods. The API batch-to-batch variability of Dalteparin can also be assessed profiling octa- and
deca-saccharides, and fractions endowed with different antithrombin affinity. Chromatographic
fractionation and selected enzymatic digestion, as well as NMR analyses of Danaparoid, a GAG
complex mixture extracted from porcine intestinal mucosa, allowed the characterization and
quantification of the main component as LMW HS, and the minor ones dermatan and chondroitin
sulfate, and identified oxidized glucosamine and uronic acid at the reducing ends.
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The interactions of Tinzaparin, a LMWH used as antithrombotic prophylaxis in clinical oncology
with cis-Pt, have been studied “in vitro” and in xenograft models (Mueller T. et al.) [14]. In vitro
LMWH can reverse the cis-Pt resistance in a cancer-resistant cell line. In vitro preliminary studies show
that Tinzaparin has no effect on cis-Pt accumulation in cis-Pt-resistant xenografts but strongly increases
the Pt content in non-cis-Pt-resistant ones.

Component fractionation of Semuloparin, an ultra LMWH obtained by a depolymerization
process preserving the AT binding region, has allowed a team at Sanofi (Mourier P. et al.) [15] to isolate
five octadecasaccharides, each incorporating at least two AT-binding pentasaccharides. Full sequencing
and “in vitro” testing of anti-FXa and anti-FIIa activities reveal the peculiarity of the pentasaccharide
position within the octadecasaccharides for inhibition potency, which can differ up to twenty-fold
in magnitude.

An extended physico-chemical characterization of Fondaparinux, the synthetic α-methyl
glycoside of the AT binding pentasaccharide, and the active ingredient of the anticoagulant drug
Arixtra®, have also been defined on the basis of a determination of single-crystal X-ray conformation.
Quantitative NMR were also used, confirming that this method shows intrinsic robustness for content
determination (de Wildt et al.) [16].

A team from Heidelberg University (Rappold M. et al.) [17] has synthesized and characterized a
more sensitive probe (PDI-1) for the detection of dermatan sulfate by a mix-and-read assay in blood
plasma in a clinically relevant concentration range (quantification limit in aqueous matrix 1 ng/mL).

Authors from the Trondheim University (Norway) (Arlov Ø. and Skjåk-Bræk G.) [18] review the
synthesis and physico-chemical properties of sulfated alginates used as both a drug delivery system
and a biomaterial component. Their superior biocompatibility, mild gelling conditions and structural
versatility can open the way for new biomedical applications in fields next to those of GAGs.

Conflicts of Interest: The authors declare no conflict of interest.
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Heparin and related drugs have contributed in so many different ways to the drug discovery
process, and have provided a platform to understand the pathophysiology of vascular and
inflammatory diseases for nearly 100 years. Despite its discovery in 1917 by Jay McLean, then a
medical student, the scientific and clinical progress in the understanding of heparin and related drugs
has continued to expand. This Special Issue of Molecules was developed in commemoration of the
100-year Anniversary of the discovery of Heparin. It would have been appropriate to have the lead
article in this issue be by Professor Benito Casu, one of the lead pioneers who laid the foundation for
the understanding of the heparin structure and function. Unfortunately, professor Casu unexpectedly
and regrettably passed away on 11 November 2016. His legacy as a teacher, scientist, leader and a
visionary who led a group of scientists at Ronzoni to advance the science of glycosaminoglycans will
live for years to come. His diverse interest in this area is well represented in the manuscripts in this
Special Issue.

At the G. Ronzoni Institute in Milan (Italy), he contributed over the last sixty years to the
advancement of the knowledge of polysaccharide chemistry and biochemistry, especially both heparin
and glycosaminoglycan (GAG) derivatives, analogs and mimetics. Several of these resulted from
translational networks fruitfully set up by Professor Casu, who had the merit of sharing intuitions
and projects with scientists, academic institutions, and industry. He had a unique attitude towards
“friendly competition”, regardless of potential competitors, and used to cite a phrase of the Nobel Prize
winner Rita Levi Montalcini: “Research is a tool of knowledge and not a matter of power and competition”.

In 1951, he started his scientific career with brilliant research on starch and cyclodextrins at the
G. Ronzoni Institute. In 1969, he was first introduced to heparin during a sabbatical year at McGill
University, Montreal (Canada), joining the group of Professor Arthur Perlin. The pioneer NMR studies
on the structure and conformational flexibility of heparin provided him an international notoriety [1–3].
For over forty years, under his research coordination and operative direction, the Institute, through
interdisciplinary and international networks and collaborations, significantly contributed to the
development of both new analytical methodologies and novel heparin derivatives. This area of
research provided a unique platform for research and education. This was the result of national and
international exchange of students and senior scientists, all having the opportunity of sharing time and
talent to advance the glycosciences. He promoted and organized, with his colleague Job Harenberg
(Heidelberg-Mannheim University), the “1st Symposium on Glycosaminoglycans” at the Villa Vigoni,
Loveno, Lake of Como (Italy) in 1991. The following twenty-four yearly symposia were always
the preferred platform for pioneers, scholars and young investigators to present the more advanced
research and multidisciplinary studies in the field. The 25th-Anniversary Symposium, in September
2017, was dedicated to Professor Casu.

In the framework of this preface, it is not possible to assess the content and richness of ideas,
publications, reviews and patents of Prof. Casu. As a result of translational collaborations with
academic institutions and/or industrial partners, the following highlights can be underscored:
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• Structural characterization studies of heparin pentasaccharide sequence binding to antithrombin,
fundamental for anticoagulant activity [4].

• Bioactive biotechnological heparins obtained by chemo-enzymatic modification of a biosynthetic
precursor of bacterial origin [5].

• An honorary doctorate of the Uppsala University (Sweden), awarded in 1998 for outstanding
contribution to heparin and GAGs knowledge and development.

• More recently, as a result of an international collaboration among G. Ronzoni Institute, Alabama
University, USA (Prof. Sanderson), and Technion University, Haifa (Israel), granted by NCI,
USA, the identification of a new class of non-anticoagulant heparins endowed with antineoplastic
activity through the inhibition of heparanase [6,7], currently a lead compound under ongoing
clinical trials.

The traditional interdisciplinary and international network of the Ronzoni Institute, under the
guidance of Professor Casu and his group, is well expressed by the contributions of this special issue
covering some of the translational steps “from bench to bedside”.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The purification of heparin from offal is an old industrial process for which commercial
recipes date back to 1922. Although chemical, chemoenzymatic, and biotechnological alternatives
for this production method have been published in the academic literature, animal-tissue is still the
sole source for commercial heparin production in industry. Heparin purification methods are closely
guarded industrial secrets which are not available to the general (scientific) public. However by
reviewing the academic and patent literature, we aim to provide a comprehensive overview of the
general methods used in industry for the extraction of heparin from animal tissue.
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1. Introduction

Heparin is a strongly charged polysaccharide anticoagulant which has been used and produced
for nearly a century [1,2]. The heparin manufacturing methods used rely strongly on the unique
molecular properties of heparin, including its acidity, high charge density and stability. These
characteristics enable the purification of heparin despite the low concentration present in the starting
material (~160–260 mg/kg). Therefore a short summary of the old and current views on structure and
biosynthesis of heparin is given below, for more elaborate reviews on these topics see references [2–5].
Discussions on the structure of heparin date back to the 1920s. By the 1940s it was concluded that
heparin consisted of uronic acids and amino sugars with a high content of ester sulfates and that the
amino groups were (partly) acetylated [6]. Further biochemical characterization studies indicated
that desulphonation resulted in loss of heparin activity [7]. Additionally, fractional precipitation of
active material suggested that heparin consisted of a mixture of closely related structures instead
of a single structure. [6,8] More recent studies have shown that these observations and conclusions
were correct. We now know that heparin is indeed a highly sulfated polysaccharide consisting of
alternating glucosamine and uronic acid units. In the biosynthetic pathway towards heparin, these
monosaccharides (i.e., N-acetyl-D-glucosamine (GlcNAc) and D-glucuronic acid (GlcA)) are added to a
tetrasaccharide linkage region (GlcA-Gal-Gal-Xyl-) which is attached to proteins containing Ser-Gly
repeats. After this elongation step, heparin chains of up to 100 kDa are generated. During and after
the elongation, several modifications can occur which include: epimerization of GlcA leading to
L-iduronic acid (IdoA), N-deacetylation, N-sulfation, 2-O-sulfation, 6-O-sulfation, and more rarely
3-O-sulfation of the glucosamine [4]. The most prevalent disaccharide present in heparin is depicted
below in Figure 1.
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Figure 1. Major disaccharide found in heparin: (-4)-α-L-IdoA2S-(1-4)-α-D-GlcNS6S-(1-) [5].

The complete biosynthesis takes place in the Golgi compartment of mainly mast cells. These
are a type of an immune cells containing heparin-rich granules. As a result of this biosynthesis and
subsequent modifications, there are 32 theoretically possible disaccharides which make up heparin,
making heparin more complex than other biopolymers such as proteins and nucleic acids [9]. Moreover,
in contrast to proteins and nucleic acids, heparin is synthesized in a non-template directed fashion
which results is a high degree of heterogeneity for all structural properties.

The anticoagulant activity of heparin is the result of its potentiating action on antithrombin
(ATIII) which is an anti-coagulation factor. Potentiated ATIII, subsequently inhibits the action of
pro-coagulation factors IIa (i.e., thrombin) and Xa by covalent binding, finally resulting in reduced
coagulation. The molecular mechanism by which heparin potentiates ATIII differs for these two
factors [5,10]. The potentiation of ATIII towards factor Xa mainly depends on an allosteric activation
of ATIII by a specific pentasaccharide sequence in heparin. This pentasaccharide, which contains
a unique 3-O-sulfate glucosamine triggers a conformational change in ATIII upon binding, which
results in a ~1000-fold increasedaffinity of ATIII for Xa leading to increased inhibition of factor Xa [10].
The pentasaccharide sequence is sufficient for the Xa inhibition activity of heparin. For the inhibition of
IIa, however, a heparin chain forms a bridge between ATIII and factor IIa by electrostatic interactions
resulting in a stable ternary complex [10]. To enable this ‘bridge’ a heparin chain should be at least
15–16 saccharide units in length [11]. Besides chain length, also the overall charge (i.e., high sulfate
to carboxylate ratio or S/C ratio) of a heparin chain is important for this mechanism since it enables
strong interactions between heparin and ATIII and heparin and factor IIa.

The objective of the heparin manufacturing process is, therefore, to maximize the yield of highly
charged, high molecular weight heparin chains present in the starting material without affecting the
material by degradation (e.g., depolymerization and/or desulfation) caused by the applied process
conditions. Typical industrial processes can be divided into five distinctive sections (Figure 2). Each of
these section will be discussed in this review.

Figure 2. (a), Schematic representation of an industrial heparin purification process; (b) Discussed
topics per section; (c) General process conditions and reagents; (d) Removed impurities per section.
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1.1. Collection and Stabilization Starting Material

1.1.1. Regulatory Aspects Related to Sourcing

The biological material used for heparin production (i.e., mucosa or bovine lungs) should be
derived from animals which meet the requirements for health suitable for human consumption [12].
This ensures the slaughtered animals are healthy and free of medication such as antibiotics.
To guarantee this, several heparin producers provide full traceability of their starting material to the
slaughterhouses and farms. Additionally, a polymerase chain reaction (PCR) or an immunochemical
analysis is suggested by the FDA and European Pharmacopoeia to demonstrate the absence of any
ruminant material in the starting material to mitigate the risk for contamination with BSE [12,13].
Moreover, from 2013 onwards, the complete supply chain of heparin, starting with the collection of the
starting material, falls under EudraLex volume 4, annex 2 of the EU guidelines for “GMP for medicinal
products for human and veterinary use” [14]. This indicates that the entire process falls under GMP
control, albeit at different levels depending on the stage of the manufacturing process.

1.1.2. Sources: Porcine and Bovine

The first heparin production protocols used canine or bovine livers as a source. Later, mainly
porcine mucosa and bovine lungs were used [15]. However, since porcine intestinal mucosa was found
to be a much ‘cleaner’ source which required less degradation compared to bovine lungs and also as a
result of the outbreak of bovine spongiform encephalopathy in the 1990s [3,16], heparin production
from bovine material has decreased significantly. In fact, the only FDA-approved source of heparin is
currently porcine mucosa [13,16]. However, several countries, including Brazil, Argentina and India,
still allow bovine-derived heparin. Bovine heparin is preferred by some for religious reasons. Heparin
is second only to insulin in application as a biological. To meet the annual heparin need, the offal
of about 1.109 pigs are required, therefore there is a substantial risk for future heparin shortages.
To prevent these potential shortages there is currently a strong debate ongoing to re-introduce bovine
heparin in the USA [15]. Because strong drop of BSE prevalence in cows, the strongly increased
knowledge on the disease and the prion reduction during the heparin purification process [17] the risks
with respect to patient safety are now better understood [15]. This may facilitate the re-introduction of
bovine heparin to the US market. There are however significant differences between porcine and bovine
heparin. For instance, bovine heparin has substantially lower activity compared to porcine heparin [18]
(see Table 1). A large amount of scientific literature is available describing structural differences
between porcine and bovine derived heparin which might explain the difference in activity [15,17,19].

1.1.3. Other Mammalian Sources

Besides bovine and porcine heparin, sheep (ovine) intestines have been used in the past to produce
pharmaceutical heparin. Ovine heparin is currently still available from chemical manufacturers for
research purposes. An elaborate overview of physiochemical characteristics of commercially available
ovine heparin compared to both porcine and bovine heparin has been given by Li Fu et al. [16].
Ovine heparin resembles porcine heparin more closely then bovine heparin based on the disaccharide
composition, antithrombin affinity and MW. Because of this resemblance, it was mentioned that
programs to manufacture fractionated heparin from ovine sources have been initiated [20]. There are
no religious restrictions on using sheep as a heparin-source however, a transmissible prion disease
(scrapie) does occur in sheep. Although scrapie is not transmissible to humans, infected sheep are
typically not used for consumption.

Dromedary (Camelus dromedaries) has been suggested as a heparin source since it is free of
any religious and health reason concerns. To investigate this source heparin was isolated from
dromedary intestines [21]. The disaccharide analysis in this study indicated that non- and monosulfated
disaccharides were more abundant in dromedary heparin compared to porcine heparin. Consistent
with this low degree of overall sulfation, dromedary raw heparin had a specific aXa activity of
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~50–60 IU/mg which is approximately half of the activity of porcine heparin which was purified as a
reference in that same study (see Table 1).

Table 1. Overview of characteristic of heparin derived from different sources.

Source aXa Activity (IU/mg) aPTT Activity Average Mol. Weight (kDa) S/C Ratio Yield (mg/kg) Refs

Porcine 148–219 168–277 15.0–19.0 a 2.31–2.57 160–260 [15,16,18,22]
Bovine b 123–156 103–181 16.2–16.5 2.29–2.40 n.d. [16,18,19]

Ovine 142 150 22.9 3.66 n.d. [16]
Dromedary 50–60 n.d. 24.0 2.0 400 [21]

Chicken 111 133 n.d. 2.26 n.d. [18]
Turkey 16.6 n.d. n.d. n.d. 300 [23]
Salmon 110–137 n.d. <8.0 c 2.20 n.d. [24]
Shrimp 95–100 n.d. 8.5 n.d. 32 [25]
Clam 317 347 14.9 n.d. 2100 [26]

a Pharmacopoeial specification; b intestinal mucosa; c 96% was ≤8.0 Da.

1.1.4. Non-Mammalian Sources

By-products of the poultry industry might seem an obvious source for heparin production
because of the high global chicken and turkey meat production. Active heparin can be derived from
chicken intestines with a specific aXa activity of 111 IU/mg and slightly lower degree of sulfation
compared to porcine heparin produced according to the same method (S/C ratio resp.: 2.26 and 2.40) [18].
In this study, however no yields have been reported. Heparin derived from chicken intestines
appears to approach porcine-derived heparin based on disaccharide composition and aXa activity
(111 IU/mg) [18]. The specific aXa activity of heparin derived from turkey intestines was extremely
low (16.6 IU/mg) [23]. Although based on this information, chicken might be a potential source of
biologically active heparin, to the best of our knowledge there is currently no heparin production on
an (semi-) industrial scale using poultry-derived starting material. The obtained GAGs from turkey
tissue mainly consisted of heparan sulfate. Differences between mammalian and avian immunological
mechanisms might be an explanation for the absence of active heparin species in turkey [23].

A relatively recent report on heparin purification from salmon (Salmo salar) gills and intestines
describes a partial purification where heparin was obtained with a low molecular weight
(96% ≤ 8000 Da). The aXa activity of the salmon-derived heparin was in the range of clinically
approved fractionated heparin (LMWH) [24].

Shrimp (Penaeus brasiliensis) heads can also be used as a source of natural LMWH with a yield of
32 mg/kg starting material [25]. This shrimp-derived heparin had a molecular weight of 8500 Da and
an aXa activity of 95 IU/mg which is also comparable (on the low end) to LMWH. Nonetheless, in vivo
experiments indicated that shrimp heparin had a slightly lower antithrombotic activity compared to
pharmaceutical grade LMWH.

Heparin derived from clams (Tapes phylippinarum) was found to have substantially better aXa
activity (317 IU/mg) compared to typical porcine heparin and an average molecular weight (Mw)
of 14,900 Da, which is comparable to unfractionated heparin [26]. The yield of the clamp derived
heparin was ~2.1 g/kg dry tissue which is a high yield. However, since the whole animal is used
here, there is a strong competition with the food industry, which explains the high price of the starting
material. To the best of our knowledge, there is currently no commercial heparin production from any
of these sources.

1.1.5. Obtaining and Stabilizing Source Material

This section focusses on porcine intestinal mucosa, since this is the major source of the globally
produced heparin. However, the processing steps also apply to bovine heparin. The mucosa production
is highly linked to the production of casings for the sausage industry. A typical procedure starts with
the removal of the content from the intestine and subsequent soaking of the intestine in a salt solution.
After soaking, the mucosa is scraped from the intestines, yielding approximately 0.8 kg of mucosa
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per pig [22]. The emptied intestines are further processed as casings for the sausage industry and
the mucosa is collected for further processing to heparin. Besides mucosa, whole porcine intestines
can be used for heparin production and are referred to as “hashed porcine guts” [27,28]. It is known
that chemical and/or enzymatic desulfation occurs after prolonged storage (mainly glucosamine
6-O-desulfation) resulting in decreased activity [18], therefore some sort of stabilization or preservation
of the material is required. Typically, mucosa is preserved using an oxygen scavenger such as sodium
bisulphite e.g., 1.5–2.5% w/w until further processing to limit microbiological growth [29]. Other
preservatives which can be added to the mucosa include calcium propionate or phenol [22].

1.1.6. Heparin on Resin

To circumvent the transport of large volumes of mucosa and to reduce the risk of degradation
during transport, a method was described [26] where the mucosa is hydrolyzed at the slaughterhouses
and the resulting heparin subsequently loaded on an anion exchange resin. For this procedure,
3000–4000 L of intestinal mucosa (daily yield of a typical pig slaughterhouse) was enzymatically
hydrolyzed using a subtilisin alkaline protease at 50–55 ◦C and at alkaline pH. After 3–4 h or when
the viscosity was sufficiently reduced (threshold of 14.8 mPa·s) the enzyme was heat-inactivated and
the hydrolysate was filtered. To this filtrate 24–30 kg of anion-exchange resin was added (examples
described in the patent include Amberlite, Dowex, Duolite and Lewatit) and mixed for 10–13 h.
The loaded resin was sieved off, dried and transferred to a container. As a preservative, 50 g/L of
sodium bisulphite was added, and the container was shipped to a specialized chemical plant for
further processing. Using this method the yield could be improved from 30,000 units per kg of mucosa
to 48,000 units per kg mucosa, possibly because of the short processing times. Therefore, this approach
can be highly advantageous, especially when sourcing mucosa at distant slaughterhouses. However, it
does require more complex equipment, logistics and technical expertise at the slaughterhouses.

1.2. Digestion and Release of Heparin from Proteoglycans

The early heparin production procedures already included (e.g., [8]) a digestion step aiming to
liberate the heparin from the (mast-) cells and proteoglycans. This digestion step can be done by
autolysis, addition of pancreas extract, saliva, proteolytic enzymes or by chemical means. Chemical
hydrolysis can be performed under acidic or alkaline conditions at high temperatures. This might affect
the structure of the heparin. For instance, alkaline proteolysis at pH 11 leads to slight 2-O-desulfation
of the uronic acids through base-catalyzed epoxide formation. [18] For an enzymatic digestion, a wide
range of proteolytic enzymes (i.e., proteases) can be applied including trypsin, chymotrypsin [30],
papaine [23] or subtilisin-type enzymes such as Alcalase® or Maxatase® [26,29,31]. For this enzymatic
digestion, multiple tons of mucosa should be heated until the optimal temperature of the used enzyme
(e.g., 50–60 ◦C for alcalase). Subsequently the pH should be set (e.g., 8.6 for subtilisins) [26,29] and
the enzyme can be added at a typical enzyme:substrate ratio is 0.2–2 g/kg mucosa [31]. The reaction
mixture is incubated for 4–16 h to ensure heparin is fully released from the proteoglycans.

1.3. Capture of the Heparin

Prior to the capture step, the heparin concentration in the digested starting material is extremely
low (~0.01% w/w). Therefore, the aim of this step is to enrich the heparin content to enable further
purification, at a higher concertation later in the process. Initial heparin extraction protocols describe
the precipitation of heparin from autolyzed starting material by applying a low pH (2–2.5) and a high
concentration of ammonium sulfate [7,8]. This step, most likely, precipitated mainly protein-bound
heparins instead of free heparin, as the proteolytic (trypsin) digestion was conducted after this acid
precipitation. The heparin crude obtained after this step still contained high amounts of protein [32].
Moreover, it was realized that this acid precipitation did not ‘drop out all of the heparin’ [33]. This is
probably because heparin itself does not precipitate under these conditions. Therefore, in that latter
patent a method was described using hydrophobic primary amines (such as hexylamine) which can
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form an insoluble complex with heparin under slightly acidic conditions due to their positive charge.
This neutral heparin-amine complex was subsequently collected as a precipitate on the interface
between the aqueous phase and an organic phase (e.g., methyl isobutyl ketone).

The principle of using ammonium cations such as in the example above is currently still the
most widely used method for capturing heparin from digestion mixtures according to (patent-)
literature. However, currently the quaternary ammonium cations are usually either immobilized
on a resin (i.e., anion exchange resin) [29,31] or designed in such a way that they selectively form
insoluble complexes with heparin (quaternary ammonium salts) [34,35]. Both methods exploit the
polymeric nature and uniquely high charge density of heparin (~3.7 negative charges/disaccharide),
distinguishing heparin from other biopolymers such as chondroitin sulfate (CS) (S/C ratio of ~1),
dermatan sulfate (DS) (S/C ratio of ~1) or DNA/RNA (1 negative charge per disaccharide) present in
the digestion mixture [36]. This allows a strong charge-based cooperative binding.

1.3.1. Precipitation with Quaternary Ammonium Salts

Several patents from the 1960s describe the precipitation of heparin with quaternary ammonium
salts [34,35]. The general formula of such a salt is depicted below (Figure 3a) where the X represents any
anion that does not render the salt water-insoluble, (e.g., chloride) and the 1R and 2R group represents
an aliphatic hydrocarbon chain of at least eight carbons optionally interrupted by: aromatic rings,
double bounds, oxygen- or nitrogen atoms and 2R–4R are groups consisting of 1–7 carbon atoms [35].
After incubation of the digestion mixture with such a salt, a water-insoluble complex is formed with
the heparin chains. These insoluble complexes can be obtained as solids. One example of an applicable
quaternary ammonium salt is Hyamine® 1622 (see Figure 3b) [34]. This patent describes a method were
Hyamine 1622 is added to digested ground lungs, subsequently the precipitated Hyamine-heparin salt
was filtered off and suspended in an organic solvent. This suspension was extracted with an aqueous
solution, and from this solution the potassium salt of heparin precipitated by increasing the potassium
acetate concentration to 30% (w/v). Approximately 0.6 g of crude material was obtained with an
activity of 110 IU/mg from 2 kg of ground lungs using this method. Alternatively, the precipitated
Hyamine-heparin complex can be extracted using a concentrated NaCl solution (i.e., 2M) to replace
the heparin and subsequently precipitated with MeOH to obtain the heparin sodium salt [30]. Neither
patents describe an extensive characterization on the obtained heparin, therefore there is no data on
the amount of impurities such as nucleic acids and CS/DS.

Figure 3. Structures of quaternary ammonium salts used for heparin capture by precipitation.
(a) General structure of an applicable salt; (b) Structure of benzethonium chloride (Hyamine® 1622).

1.3.2. Ion Exchange Resins

Like Hyamine, the ion exchange resin can be added directly to the digestion mixture. Typical
amounts of anion exchange resin include 2–4 L per 100 kg of mucosa [31]. Adsorption is typically
done over several hours during which temperature, pH and salt concentration are critical parameters.
Deviations on any of these parameters might result in increased binding of unwanted contaminants
such as nucleic acids or other GAGs. After binding, the loaded resin has to be separated from the now
heparin-free digestion mixture by sieving. To enable this sieving the anion exchanger (see Table 1, for
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functional groups) should be immobilized on a matrix which allows to be sieved. Examples thereof
include crosslinked acrylic or polystyrene beads. After sieving the resulting waste stream (peptone)
could be used as a fertilizer for farmlands, animal feed of for medical formulations for enteral or
parental nutrition [37]. The loaded resin may be washed with water or a solution with a relatively
low ionic strength (e.g., 5.8% NaCl m/v) to eliminate unbound material and to reduce less tightly
bound compounds such as nucleic acids and other less charged GAGs [38]. This step can also be used
to increase the activity of heparin (vide infra) by removing heparin with a low affinity to the resin.
Subsequent elution with a high salt concentration (i.e., >14%) released the heparin from the column
and enables further processing. There are several suitable anion exchange resins available on the
market (Table 2). These resins might be the same type as the ones used for water treatment.

Table 2. Selected examples of functional groups used on anion exchange resins for heparin capture.

Resin Name Functional Group References

Amberlite IR-120, FPA98/, IRA900/CG-45 [24,29,31,36]

Dowex 22CL [23]

Lewatitt CA9249

[26,31]

[39]

DEAE [39,40]

1.3.3. Resins or Fractional Elution for Activity Increase

Heparin’s affinity to anion exchange resin depends both on its overall charge and its charge density.
These are both closely related to degree of sulfation and chain length which are also important for its
heparin activity. As a result, the binding affinity of heparin to anion exchange resin correlates with
its activity. Therefore fractional elution or a washing step with a relatively low ionic strength (<3.5%
NaCl) help to enrich highly active heparin chains [39–41]. Loaded resin (N-N-diethyl-2-hydroxypropyl
ammonium functionalized cellulose) was washed with a ~2.3% NaCl solution. Subsequent fractional
elution with a gradient from 2.3% to 8.2% NaCl enabled the inventors to obtain heparin fractions
with a 2.5–5 fold increase of specific activity relative to the starting material yielding heparin with up
to 500 IU/mg aXa activity and up to 400 IU/mg aIIa activity. Although for this invention purified
heparin was fractionated instead of the more crude form of heparin which is bound to anion exchange
resin, this patent illustrates the potential of applying the anion exchanger step to improve the activity,
however at the expense of yield since low activity heparin still added to the initial yield. Other resin
which can be used to improve heparin activity on lab scale include antihrombin-sepharose [42] and
gel filtration columns. The first of these two selects heparin chains based on anti-thrombin affinity
which is largely determined by the presence of the “high affinity pentasaccharide” and the second type
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separates heparin chains based on chain length. Both methods are highly useful analytical tools but
due to scaling issues and considerable costs of the column material not practical for industrial scale
heparin production.

1.4. Purification and Bleaching

At this stage of the production process, we have a heparin crude solution which is relatively
pure. The main remaining contaminants at this stage are nucleic acids and non-heparin GAGs, such
as chondroitin sulfate (CS) and dermatan sulfate (DS), which like heparin are biopolymers have
a relatively high negative charge-density and therefore also adsorb to the anion exchange resin or
precipitate with the quaternary ammonium salt. Moreover a variety of pathogens, including: viruses,
bacteria and in the case of bovine starting material bovine spongiform encephalopathy (BSE) related
prions may not have been adequately reduced to ensure patient safety. Therefore, the following
steps are designed to reduce the inactive material such as DNA/RNA and to sufficiently reduce the
infectious agents listed above.

1.4.1. (Fractional) Precipitation

Precipitation is both conducted to isolate the heparin or heparin crude from a solution and to
remove impurities such as non-heparin GAGs and nucleic acids. It also serves to remove metal ions
and small and/or less polar molecules such as peptide fragments generated during digestion and
residues of chemicals used in processing: these will remain in the supernatant. For this step, different
organic solvents such as methanol, ethanol, propanol, or acetone can be used [36,43]. As a result
of decreasing polarity by addition of the antisolvent, the highly charged heparin chains precipitate.
Most protocols in the literature apply either methanol or ethanol for this step with a percentage of
~50% (v/v). The concentration of the organic solvent is paramount at this stage as well as NaCl
concentration and temperature. This was demonstrated by Volpi [36] who performed a fractional
precipitation on a mixture of heparin, CS and DS with methanol, ethanol and propanol. Here it was
observed that the order of precipitation of these compounds reflects their charge density (i.e., S/C
ratios of resp. 2.4, 1.1 and 0.98). Using a relative volume of 1 methanol (i.e., ~50% v/v) precipitated
nearly all the heparin from the mixture whereas a substantial concentration of CS and DS was still
present in the supernatant (see Figure 4).

Figure 4. Fractional precipitation of heparin, DS and CS at different concentrations of methanol.
Data derived from Volpi et al. [36].

1.4.2. Bleaching

The last step in most heparin processes usually includes an oxidation/bleaching step meant to
remove/reduce color, endotoxins (depyrogenization), bacteria, mold, viruses and prions, followed by
solvent precipitation sequence and a 0.22 μ sterile filtration to remove microbes and drying [43–47].
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The oxidation is performed using e.g., potassium permanganate (KMnO4) hydrogen peroxide (H2O2),
peracetic acid (CH3CO3H), sodium hypochlorite (NaClO) or ozone (O3) [48]. Prion reduction by
hydrogen peroxide oxidation has been used by the FDA as a justification for the re-introduction of
bovine heparin [15]. The term ‘oxidation’ is misleading here and ‘bleaching’ is more appropriate since
the aim of the step is not to affect the heparin molecule by oxidation but rather to purify the heparin.
However, this step can still result in the inadvertent modification of the heparin chains. This can
result in damage to the heparin chain and/or a reduced biological activity [46,49,50]. In the wake
of the 2008 contaminated heparin crisis, 1D 1H-NMR was introduced as a pharmacopoeial release
test. 1D 1H-NMR had proved successful in detecting the contaminant oversulfated chondroitin sulfate
which has a distinctive signal due to the glucosamine N-acetyl group [51–53]. This resulted in close
inspection to heparin 1D 1H-NMR spectra for unknown signals in specific spectral areas. Potassium
permanganate oxidation has been shown to oxidize the reducing end hydroxyl of N-acetyl glucosamine
to yield a carboxylate group resulting in a 2.10 ppm signal from the N-acetyl function in the NMR
spectrum of potassium permanganate bleached heparin (see Figure 5, [54–57]).

 

Figure 5. Reducing end oxidized N-acetylglucosamine heparin modification as a result of potassium
permanganate bleaching.

Potassium permanganate oxidation also results in the reduction of the residual (glycol) serine
at the reducing end of the heparin chain [50]. Oxidation by potassium permanganate results in an
increase in carboxylate groups in heparin and concomitant chain breaks [50]. This should be taken into
account when using the sulfate/carboxylate ratio which is commonly used as a measure for heparin
sulfation [57]. Oxidation by peracetic acid results in the formation of 3-acetyluronic acid which displays
a signal at 2.18 ppm in the 1H-NMR spectrum of peracetic acid bleached heparin (Figure 6 [58]).

Figure 6. 3-Acetyluronic acid heparin modification as a result of peracetic acid bleaching.

Oxidation by other oxidation agents such as hydrogen peroxide and hypochlorite bleached
heparin have not been reported to have a distinctive signals in its 1H-NMR spectrum. Thus, these
‘process signatures’ allow to discriminate between oxidation methods used based on the 1H-NMR
spectroscopy [59]. Other products due to oxidation have been described in the literature [50]. Oxidation
as purification step is only feasible because of the high intrinsic stability of the heparin molecule which
is evident from a number of studies. [28,60,61] Less stable (bio-) molecules such as proteins would be
degraded by these strongly oxidizing conditions, hence the strong virus/prion reductions achieved
in this step [3,15]. The high stability of the heparin molecule together with its charged polymeric
nature [60] enable it to be isolated in spite of being present at relatively low levels in the complex
starting material [27].
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1.5. Isolation and Drying

After this bleaching step, most properties of the heparin including: molecular composition,
impurity profiles, microbial safety and color are determined. Therefore these steps are optimized to
reach maximal yields and a minimum of residual solvents. There are several methods possible to
isolate the heparin. Some of these methods include a precipitation step using a high percentage of
methanol or ethanol ensuring that all heparin is precipitated. The precipitate is then collected and
dried under vacuum at elevated temperatures (e.g., 40–75 ◦C) [62]. Alternatively, the heparin can be
directly isolated from the solution by spray drying [63] or barrel drying [62].

2. Concluding Remark

Sourcing, isolation and purification of this 100 year old drug is still evolving for optimal efficacy
and patient safety as well as production efficiency. The strict GMP regulations and pharmacopoeial
criteria on the complete supply chain from farm to pharma will continue to assure the safety and
efficacy of this WHO essential drug [64].
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Abstract: Because of the complexity and global nature of the heparin supply chain, the control
of heparin quality during manufacturing steps is essential to ensure the safety of the final active
pharmaceutical ingredient (API). For this reason, there is a need to develop consistent analytical
methods able to assess the quality of heparin early in production (i.e., as the crude heparin before it
is purified to API under cGMP conditions). Although a number of analytical techniques have been
applied to characterize heparin APIs, few of them have been applied for crude heparin structure
and composition analyses. Here, to address this issue, NMR spectroscopy and chemometrics were
applied to characterize 88 crude heparin samples. The samples were also analyzed by strong anion
exchange HPLC (SAX-HPLC) as an orthogonal check of the purity levels of the crudes analyzed by
NMR. The HPLC data showed that the chemometric analysis of the NMR data differentiated the
samples based on their purity. These orthogonal approaches differentiated samples according their
glycosaminoglycan (GAG) composition and their mono and disaccharide composition and structure
for each GAG family (e.g., heparin/heparan, dermatan sulfate, and chondroitin sulfate A). Moreover,
quantitative HSQC and multivariate analysis (PCA) were used to distinguish between crude heparin
of different animal and tissue sources.

Keywords: heparin; crude heparin; NMR; quantitative NMR; PCA; chemometric; HSQC

1. Introduction

In spite of its 100 year history, heparin and its lower molecular weight versions remain the most
used anticoagulant and antithrombotic drug [1]. Heparin is a sulfated polysaccharide composed
of alternating disaccharide sequences of uronic acid (either D-glucuronic or L-iduronic acid) and
glucosamine. The glucosamine residue can be N-acetylated or N-sulfated in position 2, while
both uronic acid and glucosamine can be sulfated in position 2 and 6, respectively. More rarely,
the glucosamine residue can be sulfated in position 3, and found in the pentasaccharide sequence
GlcNS/Ac-GlcA-GlcNS,3S,6S/OH-IdoA2S-GlcNS,6S, corresponding to the heparin binding site for
antithrombin (AT). The degree of sulfation and distribution within the heparin chains depends on the
animal or organ source; however, the detailed monosaccharide sequence is still largely undisclosed [2].

Until the late 1980s and early 1990s, when cases of bovine spongiform encephalopathy (BSE) were
reported in United Kingdom and other countries, bovine heparin products were widely used together
with those extracted from porcine intestine. As a result of BSE, bovine heparin was withdrawn from
both the U.S. and European markets and entirely replaced by porcine mucosa heparin, limiting bovine
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heparin use to South America and some Islamic countries. The removal of bovine heparin from the
market increased the market demand for porcine heparin. As a result, at present more than 50% of
worldwide heparin production originates from China [3]. In addition, a shortage in the heparin supply
(due also to a pig disease outbreak) was presumably the reason for the heparin contamination with the
semisynthetic over-sulfated chondroitin sulfate (OSCS), an inexpensive adulterant with anticoagulant
activity, which occurred in late 2007 in the US and Europe [4]. This so called heparin crisis, in addition
to causing many deaths and severe side effects, demonstrated the vulnerability of the global heparin
supply chain. Fortunately, the subsequent introduction of new tests (e.g., NMR and HPLC tests) to
the heparin monographs of several pharmacopoeias around the world increased the degree of quality
control of this drug, decreasing the risk of product adulteration [3]. However, the complexity of the
heparin supply chain provides other opportunities for intentional adulteration, such as contamination
with foreign substances or the addition of non-porcine sources of crude heparin (i.e., bovine or ovine
heparin), which might not be detected by the current monograph test methods.

Heparin is produced from tissues of food animals, and for medical use the drug has been primarily
obtained from pig or beef intestine, and can be sourced from sheep as well. Typically, the pig intestine
is collected and processed in slaughterhouses approved by regulatory authorities and then transported
to crude heparin processing facilities. In these facilities, the intestinal mucosa is removed and the
dissociated mucosa is treated with proteolytic enzymes under alkaline conditions. After multiple
steps, the highly anionic glycosaminoglycans (GAGs) can be adsorbed onto an anion exchange resin,
which is washed. Then, the partially purified heparin is eluted, filtered, precipitated, and vacuum
dried to form a substance known as crude heparin, where the glycosaminoglycan (GAG) fraction is
concentrated. Crude heparin is then further purified at the level of active pharmaceutical ingredient
(API) to remove impurities such as dermatan and chondroitins, nucleic acids, residual proteins, metal
ions, and unwanted counterions. In addition, the purification involves oxidation (KMnO4 or H2O2)
and alkaline treatments to remove color and inactivate endotoxins and viruses that might be present in
the product [5,6].

Whereas the purification of crude heparin to heparin sodium API is always conducted under
cGMP conditions, only a few manufacturers can establish traceability back to the living animals.
Many companies buy crude heparins from third parties, which have collected mucosa at multiple small
slaughterhouses. These multiple sites increase the risk of un-intended or intentional contamination.
Although it is impossible to eliminate all possible risks, reinforcing of appropriate requirements,
controls, and best practices at the level of crude heparin as a key intermediate might help ensure the
quality of the final pharmaceutical grade product.

A first step to define crude heparin as an intermediate in the production process of the API
requires the specification of a normal range of composition found in heparin currently on the market.
Different intermediates may exist and be qualified for use in the manufacture of heparin, such as
resin bound heparin (early intermediates), a brown powder containing a large amount of RNA/DNA
and galactosaminoglycans (mainly dermatan sulfate (DS) and chondroitin sulfate A (CSA)), or partly
purified crude heparin, a light yellow powder containing only a small amount of dermatan sulfate [7].
Although different techniques have been used to identify and quantify OSCS in crude heparin, to our
knowledge, these studies did not fully characterize the average composition of crudes produced in the
global marketplace [8,9].

In the present study, 88 crude heparins collected from 2010 to 2015, representing 13
different manufacturers, have been characterized by NMR spectroscopy and strong anion exchange
HPLC (SAX-HPLC). Particularly, a multivariate analysis (principal component analysis (PCA)) of
one-dimensional (1D) proton NMR spectra was used to differentiate the crudes on the basis of their
structural features and animal/organ of origin. Moreover, the quantitative composition of crude
samples was performed using an adapted version of the HSQC method recently described in [10].
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2. Results

2.1. Protocol for Sample Preparation

Crude heparin samples are often not completely soluble in water. Therefore, to avoid the presence
of insoluble material in the NMR tube, a protocol of sample separation by centrifugation was developed.
Three parameters of the separation protocol were evaluated for their effect on the supernatant content,
including: the amount of insoluble material present, crude concentration, and the method of solution
equilibration (with or without stirring). Each of the eight combinations of the parameters was tested.
Moreover, three separations were performed for a single parameter set to evaluate the precision of
the data, giving a total of ten separations. For each separation, two parameters were measured after
lyophilization of the supernatant or the pellet: the total weight loss and the amount of precipitate, both
expressed as a percentage of the original weight (Table 1).

Table 1. Recovering of soluble and insoluble material obtained by two crude heparin samples.
Weightings before and after the separation and lyophilization procedure are shown.

Sample
Crude

(mg/mL)
Stirring

Supernatant
(mg)

Precipitate
(mg)

Weight loss
% (%w)

Precipitate
(%w)

G9709 40.4 No 35.3 1.2 9.7 3.3
G9709 40.8 No 35.4 1.0 10.8 2.7
G9709 38.9 No 33.7 1.2 10.3 3.4
G9709 39.0 Yes 34.0 1.1 10.0 3.1
G9709 79.7 No 60.4 10.0 11.7 14.2
G9709 81.4 Yes 62.4 9.4 11.8 13.1
G9710 39.0 No 33.8 2.7 6.4 7.4
G9710 39.3 Yes 33.2 2.1 10.2 5.9
G9710 79.5 No 56.8 13.8 11.2 19.5
G9710 80.5 Yes 59.3 13.0 10.2 18.0

With the exclusion of one result, the loss of water due to lyophilization was around 10%, regardless
of sample concentration. While the stirring procedure during solution equilibration did not affect
the yield on a percentage basis, the amount of precipitate was related to the sample concentration,
showing that the precipitate still contains soluble material. To verify that the procedure does not
result in the selective separation of glycosaminoglycan species, a precipitate obtained at a higher
concentration (80 mg/mL) was re-suspended in 1 mL of D2O, centrifuged, and the spectrum of the
supernatant compared with that obtained after the first solubilization. While no differences in the
glycosamonoglycan pattern were found, higher non-GAG signals in the re-suspended precipitate
were observed (Figure S1). Based on these results, to collect enough soluble material for the NMR
characterization, an aliquot of 60 mg of crude heparin was determined to be sufficient for analysis in
1.5 mL of D2O. The average weights of the 88 crude samples are shown in Table S1.

The proton chemical shifts of heparin are affected both by the pH and concentration of the
solution [11,12]. Crude heparin does not contain only heparin, but also other GAGs (heparan, dermatan,
and chondroitin sulfate), as well as non-GAG material, mainly DNA and RNA, some proteinaceous
material, and a variable amount of water and salts. For these reasons, the proton spectra of crude
heparins in D2O were not fully reproducible, and a shift of signals, particularly those of anomeric
glucosamine and iduronic acid residues, was often observed (Figure S2). The maximum shift of both
peaks observed was about 10–12 Hz (0.015–0.020 ppm), presumably due to the different concentration
of GAG components in the samples, which affect the pH of the solution. These spectra cannot be easily
compared, particularly when they are analysed by multivariate analysis (e.g., PCA). To remove the
effect of pH variability, the samples were solubilized in 0.15 M of phosphate buffer at pH 7.1, containing
3 mM of perdeuterated EDTA. The complexation of bivalent or paramagnetic ions induced by the
addition of perdeuterated EDTA provides narrower lines and improved resolution. A comparison of
crude proton spectra recorded in water and the buffer solution is shown in Figure S2.
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2.2. One-Dimensional (1D) Spectra Library and PCA

The proton spectra of eighty-eight crude heparin samples were registered by the NMR analysis
protocol indicated in the experimental section. The spectra show very high variability of composition,
both in terms of non-GAGs components (broad signals at both aromatic and aliphatic regions due to
DNA/RNA and other impurities, Figure S1) and galactosaminoglycans components, mainly dermatan
and chondroitin sulfate (Figure 1).

Figure 1. 1H-NMR spectra. Acetyl region of proton spectra of samples of group A, group B, and group
C (see Figure 2) registered at 600 MHz, showing methyl signals of Dermatan (2.08 ppm), Heparin
(2.05 ppm), and Chondoritin (2.02 ppm) components.

Due to this variability and the difficulties in establishing quantitative ratios among diagnostic
signals, the spectral complexity was reduced to the basic elements which best define the crucial
differences between samples by employing chemometric techniques.

One of the most common tools used to explore a complex dataset is principal component analysis
(PCA). Typically, this tool takes a large number of correlated variables and transforms the data into
a smaller number of uncorrelated variables (principal components), while extracting the maximal
amount of variation, thus making it easier to analyse the data and make predictions [13].

The score plot of the first two components, generated by the PCA of 88 1H-NMR spectra of the
crude samples, is shown in Figure 2. The graph, displaying the variance accounted for by the principal
components, shows that only two components are necessary to account for more than 80% of the
total variance, indicating that the differences among the samples are mainly distributed along the
components 1 and 2.
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Figure 2. Score plot of the first two components generated by principal component analysis (PCA) of
the GAGs signals region of the 1H-NMR spectrum. Most of the samples are centered in the PCA, while
there are 21 more peripheral samples: highlighted as A, B, and C.

In the loading plot of the first principal component, the negative signal of the acetyl protons
of dermatan sulfate was observed (Figure 3). By contrast, in the loading of the second principal
component, signals belonging to the trisulfated disaccharide (corresponding to the most abundant
dissacharide of heparin chains) are positive, while the other heparin and chondroitin acetyl signals
are negative. The analysis of the loading plots suggested that samples having a positive score in
component 1 (Figure 2, group A) contain a low amount of dermatan sulfate, while those having
negative score in component 2 (Figure 2, group C) contain highly acetylated heparin with a larger
amount of chondroitin. The samples contained within the group B have instead a higher degree of
sulfation, together with a large amount of dermatan. The proton spectra of the samples belonging to
these groups confirm what was observed by PCA, showing that the spectra of samples belonging to
the group A, in the absence of dermatan and chondroitin acetyl signals, match with those of purified
heparin (Figure 1).

Since the major differences among the crude samples defined by PCA are due to the content of
galactosaminoglycan and the acetylation degree of the heparin component, the PCA was performed
also on part of the anomeric region of the proton spectra (5.75–4.94 ppm). In this region, with the
exclusion of the weak H1 of I2S of dermatan sulfate (5.18 ppm), no signals belonging to dermatan and
chondroitin are present. Before the PCA analysis, the selected region of the proton spectra was aligned
with a custom algorithm (Table S14 and Figure S9), because without alignment the shift effect was
dominant in the loading plot of the first principal component. After the alignment, PCA differentiates
samples on the basis of the sulfation pattern of the heparin/heparan sulfate components. The score
plot generated by the PCA of this spectral region is shown in Figure 4. No evident clusters are visible,
and the loading plot of the first principal component (Figure S3) can be interpreted in terms of the
degree of sulfation of the samples, where the samples positioned in the negative score of the first
principal component are more highly sulfated. Although the loading plot of the second component is
difficult to interpret, the negative signals corresponding to the H1 of GlcNS,6OH and I2S linked to
GlcNS,6OH indicate that the samples with lower 6-O-sulfation are located in the negative score of the
second principal component (Figure S3).
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Figure 3. Loading plot of the first two components of the PCA of the GAGs signals region. In the
loading plot of component 1, a negative signal corresponding to the N-acetyl residue of dermatan
is observed. Positive signals corresponding to the trisulfated disaccharide (*) (-I2S-GlcNS,6S-) and
negative signals corresponding to the N-acetyl residue of glucosamine (Hep) and galatosamine (ChS)
are observed in the loading plot of component 2.

Figure 4. Score plot of the first two components generated by PCA of part of anomeric signals region.
No clusters are defined. Only one sample appears isolated in the upper-right of the figure.

2.3. SAX-HPLC Analysis

To confirm the results of the NMR chemometric analysis data, the purity of the crude heparin
samples was analyzed with a lower resolution method; SAX-HPLC. The SAX-HPLC method applied
here separates heparin (~2.5 sulfates per disaccharide) from less sulfated (e.g., ~1 sulfate per disaccaride,
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DS/CSA/heparan) or more sulfated (e.g., 4 sulfates per disaccharide, over sulfated chondroitin sulfate
(OSCS)) GAGs based on negative charge [9,14]. As shown in Figure 5, the crude heparins in group A
were the most pure, with the majority of the signal eluting at ~20.5 min consistent with heparin sodium
API. For group B, two major peaks (17.0 and 20.4 min) of similar intensity were observed and attributed
to primarily DeS and heparin, respectively. For group C, three major peaks were observed (14.5, 16.6,
and 20.5 min), with the intensity of the 14.5 and the 16.6 peaks being much higher than the heparin
peak at 20.5 min. These group C peaks are attributed to DNA/RNA, heparan/CSA, DeS, and heparin
sulfate. Thus, group C samples contain DNA/RNA impurities as well as more less sulfated GAGs
(i.e., CSA/heparan/DeS) than the group B or group A samples (Figure S4). Overall, the chemometric
analysis of the NMR data and the visual examination of the SAX-HPLC chromatograms of the crude
heparin samples can be used to order the crudes from highest (A) to lowest purity (C) as A, B, and
C, respectively.

Figure 5. The 5 min to 25 min portion of the strong anion exchange HPLC (SAX-HPLC) chromatograms
with UV detection at 215 nm of crudes differentiated into groups A, B, and C by NMR data as shown in
Figure 2. Generally, the lower resolution HPLC method shows these groups have increasing levels of
different impurities, going from group A to B to C, respectively.

2.4. HSQC Analysis

Quantitative HSQC was recently applied to heparin and low molecular weight heparins (LMWHs).
The 1H,13C-HSQC data acquired on heparin APIs were used for calculating the percentage of
mono- and disaccharides by normalizing volumes with reference to the sum of volumes of signals
corresponding to each monosaccharide type (glucosamines or uronic acids) and the same carbon-proton
pair type (e.g., anomeric or C2 position pairs) [10,15–17]. In the HSQC spectra collected here, signals
belonging to high molecular weight species, mainly DNA and RNA, were not detected, presumably
due to the increased linewidths associated with these slower tumbling larger molecules.

The HSQC spectrum of crude heparin also contains signals belonging to galactosaminoglycan
components (DS and CSA), which partially overlap with those of the heparin/heparan sulfate (HS)
components. By contrast, in the H2/C2 region, signals belonging to N-acetyl-glucosamine were
completely separated from those of the N-acetyl-galactosamine residues (3.90 ppm/56.0–56.6 ppm
and 4.02 ppm/53.8–54.6 ppm, respectively; Figure S5). Thus, the percentage of glucosamine and
galactosamino residues could be calculated by the integration of the corresponding residues (Table 2).
In addition, the uronic acid components of the galactosaminoglycans were well separated in the
anomeric region of the crude heparins (Figure 6). Beside the major IdoA-GalNAc,4S sequences, DeS
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contains about 10% of disulfated disaccharide sequences, mostly consisting of IdoA2S-GalNAc,4S [18].
The anomeric signals of IdoA and IdoA2S of dermatan sulfate, at 4.88/106.1 ppm and 5.18/103.4 ppm,
respectively, could be integrated to determine the IdoA2S/IdoA ratio. Similarly, the anomeric
signal of the glucuronic acid of the chondroitin presents distinct chemical shift values on the basis
of the position of the sulfate group of the following N-Acetyl-galactosamine residue (Figure 6)
(4.47/106.6 ppm and 4.50/107.1 ppm for the ChS4S or ChS6S, respectively) [19], allowing the
evaluation of the GalNAc,6S/GalNAc,4S ratio. Unfortunately, the anomeric signals of the DeS and ChS
N-acetyl-galactosamine residues partially overlap with the anomeric signal of heparin glucuronic acid.
In particular, if chondroitin is present, the amount of glucuronic acid linked to trisulfated glucosamine
(G-ANS,3S,6X) could be overestimated.

Table 2. Molar average composition of 88 crude heparin samples. PMHC = pig mucosa heparin crude;
Hep = Heparin; DeS = Dermatan sulfate; ChS = Chondroitin sulfate; A = Glucosamine; I = Iduronic
acid; G = Glucuronic acid; X = SO3

− or H; SDEG = Heparin disaccharide degree of sulfation.

PMHC Hep DeS ChS ANH26X ANAc6X ANS3S6X A6S G2OH G2S I2OH I2S SDEG

average 89.3 8.6 2.4 1.8 16.3 4.5 73.3 18.0 0.01 10.5 71.5 2.31
median 89.2 8.7 2.1 1.9 16.3 4.4 73.7 17.9 0.00 10.6 71.4 2.32
st.dev. 4.1 3.1 1.9 0.7 2.0 0.7 3.4 1.9 0.09 0.9 2.5 0.08

min 79.9 0.0 0.0 0.0 11.6 3.1 63.3 14.0 0.00 8.2 65.4 2.13
max 100.0 16.6 7.7 3.0 21.1 5.9 79.8 22.4 0.75 12.4 76.8 2.46

Figure 6. Anomeric region of a crude heparin HSQC spectrum. Signal assignments of heparin and
DeS/ChS components are in black and red, respectively.

Finally, the composition of the heparin fraction was obtained as for the API product [10]. Tables S2
and S3 show the signals assignment and the detailed formulas for the calculations. The precision of
the method was evaluated using a crude sample positioned close to the origin (0) of the PCA scores
plot of Figure 2, therefore having an average composition in DeS/ChS comparable with the whole
library of 88 samples. The intermediate precision was determined combining two operators and two
spectrometers operating at 500 and 600 MHz (Tables S7–S9). Using a reasonable experimental time (6 h
at 600 MHz and 8 h at 500 MHz) it was possible to quantify with sufficient precision all of the fragments
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above 3%, compared to 2% for API heparin with 2 h at 600 MHz and 3 1
2 h at 500 MHz [10]. This was

considered a good result also in view of the fact that the concentration in the NMR tube was limited to
20 mg/0.6 mL compared to 35 mg/0.6 mL for API heparin. Clearly, the limit of quantification (LOQ)
of heparin fragments might change according to the dermatan and chondroitin content. It was verified
that a reliable estimation of the LOQ is given by the formula

LOQ = 2000 × VOL/(VOL_SUM × SNR) (1)

where VOL_SUM is the sum of all heparin anomeric signals, while VOL and SNR are the volume and
signal to noise ratio of the anomeric signal of I-(ANY’,6S) or I-(ANY’,6OH) (Figure 6; both residues give
comparable values for LOQ). If the LOQ is too high, the spectrum can be acquired again with more
scans (NS) for better SNR, as the SNR term is proportional to the square root of NS. The robustness of
the method was also evaluated by identifying the most critical parameters of the analytical method:
pH of buffer, sample concentration, acquisition temperature, and spectrum phasing. These four
parameters where studied at two levels in a Plucket–Burman design (Tables S4–S6). The heparin
fragment quantification showed good robustness with respect to all of the parameters. The GAGs
content was sensitive to variations of temperature, probably due to the different mobility of the heparin,
DeS, and ChS chains.

A summary and the details of the obtained composition of a series of 75 out of 88 crude heparin
samples are shown in Table 2 and Tables S10–S13, respectively.

As already observed in the PCA, crude heparin samples are characterized by a large variation
in galactosaminoglycan content (0–20%), while the heparin component varies in N-acetylation,
6-O-sulfation, and nonsulfated uronic acid content (11–21%, 63–79%, and 23–35% respectively).
Notably, the serine of the linkage region is almost exclusively present in its intact form (CHα at
4.00/57.4 ppm; Figure S5). However, the oxidized form of serine [20] was detected in the samples of
group A by the reduction or absence of the CHα signal and the presence of the anomeric signal of xylose
linked to oxidized serine residue (4.48/105.5 ppm; Figure S6). The presence of the oxidized forms
in the linkage region suggests that crude heparin has been subject to an oxidizing process; usually,
such a step is applied during the purification of crude to API heparin. In fact, the monosaccharide
composition of the samples present in group A of the PCA results is compatible with a semi purified
product. In addition to showing serine in the oxidized form, their spectra do not contain signals
belonging to galactosaminoglycan or DNA/RNA impurities, making the whole spectral profile similar
to that of an API product (Figure S6).

2.5. Crude of Different Origin

As porcine, bovine, and ovine API heparins differ in many aspects of their structure and
activity [21–25], it is important to verify if their structural differences can be observed in the
corresponding crude. Six heparin crude samples from bovine intestinal mucosa (BMHC), two from
bovine lung (BLHC) and three from ovine intestinal mucosa (OMHC) were characterized by proton
and HSQC analysis. The PCA of the GAGs signals region of proton spectra of these samples against the
library of porcine crude heparin was not able to differentiate samples according their origin (Figure S7).
In spite of the structural differences between the heparins in these crudes, the galactosaminoglycan
content mostly contributes to the samples’ separation in component 1 (Figure 3). By contrast, PCA
performed exclusively on the anomeric region was able to group samples on the basis of their origin,
separating them in function of their sulfation pattern in component 1 and of the 6-O-sulfation in
component 3 (Figure 7 and Figure S8). Indeed, BMHC and PMHC are not fully separated in components
1 and 2 because of their similar degree of sulfation, while in component 3 BMHC are fully distinguished
from other crude heparin (Figure 7).
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Figure 7. Three-dimensional (3D) Score plot generated by PCA of part of the anomeric signals region.
Sample clusters corresponding to the different families of crude heparin are defined. BMHC (above
pointing triangles), OMHC (squares) and BLHC (below pointing triangles), against the library of
PMHC (circles).

The monosaccharide composition of each crude family was determined by HSQC analysis
(Tables 2 and 3). The bovine lung crude shows the highest degree of sulfation and lowest content
of acetylation and nonsulfated uronic acid. The lower 6-O-sulfation of the bovine mucosa crude
agree with those observed in the corresponding API [25], while the degree of sulfation and amount
of N-acetylation measured for the ovine crude samples is intermediate to that of bovine lung and
porcine mucosa heparin, as also observed by the integration of C13 spectra of the purified heparin
samples [24]. The greater structural detail obtained applying the HSQC method allows the detection
of minor residues in crude heparin, such as G2S, that is more abundant in BMHC compared to ovine
or porcine heparins [25].

Table 3. Molar average composition of crude heparin of different species/organ.

BMHC Hep DeS ChS ANH26X ANAc6X ANS3S6X A6S G2OH G2S I2OH I2S SDEG

average 94.7 4.2 0.4 1.5 10.6 2.0 51.7 14.1 1.5 6.8 77.1 2.20
median 98.1 1.1 0.0 1.9 9.6 1.8 52.4 13.8 2.0 6.3 76.9 2.19
st.dev. 5.9 5.8 0.9 1.2 3.3 0.7 4.0 2.0 1.2 1.2 2.8 0.07

min 85.3 0.0 0.0 0.0 8.2 1.3 47.1 11.9 0.0 6.0 73.4 2.12
max 98.8 12.5 2.1 2.6 17.2 3.5 57.2 17.4 2.5 9.2 81.0 2.31

BLHC Hep DeS ChS ANH26X ANAc6X ANS3S6X A6S G2OH G2S I2OH I2S SDEG
Sample 1 94.7 4.2 0.4 1.9 6.6 2.8 85.8 7.8 0.0 4.6 87.6 2.68
Sample 2 98.1 1.1 0.0 0.0 1.6 2.5 90.2 2.3 0.5 2.8 93.4 2.85

OMHC Hep DeS ChS ANH26X ANAc6X ANS3S6X A6S G2OH G2S I2OH I2S SDEG
Sample 1 98.9 1.1 0.0 1.5 8.8 5.0 80.5 10.2 0.0 7.0 82.8 2.58
Sample 2 97.7 2.3 0.0 1.8 8.8 4.7 82.2 10.5 0.0 7.2 82.3 2.59
Sample 3 98.7 1.3 0.0 1.6 7.8 5.3 82.2 9.7 0.0 7.0 83.4 2.61
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3. Discussion

The major goals in the analysis of a large number of porcine crude heparins and a range of
crude heparin from different animal or tissue sources were: (1) to establish reliable test methods
to differentiate them at the crude stage of manufacturing; and (2) to propose a definition for crude
heparins as a key intermediate in drug manufacturing. Similar tests can be used to assure the quality
of the porcine heparin or bovine heparin API used clinically. Importantly, by checking heparin
quality earlier in the supply chain, contaminated material can be prevented from reaching the active
pharmaceutical ingredient purification processes, which are often performed under cGMP in U.S.
based plants. Because the supply chain for heparin is complex and a global one, controlling the quality
of this widely used drug, its intermediates, and starting materials (at least as early as the crude heparin
warehouse) solely through cGMP inspection is insufficient and often impractical, in part due to the
limited resources that the regulatory authorities have. Thus, there is a need to develop strong analytics
and appropriate specifications for crude heparin to ensure the consistent high quality of the final
heparin drug substance. For this reason, the tests and the data obtained by applying them will help
assure the quality of heparin sodium and LMWH drug products by improving the quality of the entire
global heparin supply chain.

In this work, strong anion exchange HPLC (SAX-HPLC) and NMR spectroscopy coupled with
chemometrics was demonstrated to be a feasible strategy to characterize crude heparin samples.
The proton NMR and HPLC data clearly show that crude heparins vary in terms of glycosaminoglycan
composition, amount of DNA/RNA, and other impurities. Proton spectra, when the samples
were properly prepared, could be analyzed by PCA, grouping samples based on their composition
(relative amount of dermatan, chondroitin, and heparin) or structural properties (degree of sulfation).
The presence in the library of some samples that were almost free from galactosaminoglycans and
DNA/RNA components suggests that some batches have undergone different levels of purification
treatments consistent with the known differences in the way heparins are manufactured by different
companies. Quantitative HSQC analysis, recently applied to determine the mono- and disaccharide
composition of heparin and LMWH [10], can be extended to crude heparin, allowing an in-depth study
of the structural features of samples. Particularly, the degree of sulfation can vary starting from 2.1
to 2.4, the latter value is typical of the purified porcine heparin. Notably, the group of samples that
lacked dermatan and chondroitin also contained oxidized serine, suggesting that the products were
treated with oxidizing agents, such as those typically used during the production of API. Overall, PCA
and HSQC analyses were able to distinguish between crude heparins of different animal and organ
sources and manufactured by different processes.

4. Methods

4.1. Reagents and Starting Material

Deuterium oxide 99.9%, sodium dihydrogenphosphate hydrate (NaH2PO4 H2O), disodium
hydrogen phosphate dihydrate (Na2HPO4·H2O2), and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
sodium salt (TSP) were purchased from Sigma-Aldrich (Milan, Italy). Deuterated EDTA d-16 98% was
obtained from Product Cambridge Isotope Laboratories, Inc.

The crude heparin samples were dissolved in phosphate buffer solution, which was prepared
as follows: 49.7 mg of sodium dihydrogenphosphate hydrate (0.36 mmol), 202.9 mg of disodium
hydrogen phosphate dihydrate (1.14 mmol), and 9.2 mg deuterated EDTA d-16 (0.03 mmol) were
dissolved in 10 mL of water. The pH was checked at 7.1. The solution was distributed into 1.3 mL
aliquots and then lyophilized. Each aliquot was dissolved in 0.2 mL of D2O and lyophilized again.
Finally, the buffer was dissolved in 1.3 mL deuterium oxide with 0.002% TSP (12 mM).
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4.2. Strong Anion Exchange HPLC:

Solutions of crude heparin were prepared as described in Keire et al. [9]. SAX-HPLC separations
were performed on a Dionex IonPac® AS11-HC (250 mm × 4 mm) column (Dionex, Sunnyvale,
CA, USA). The AS11-HC column’s characteristics are: a bead diameter of 9 m with a 2000 Å pore
size, particles made of a divinylbenzene/ethylvinylbenzene polymer cross-linked at 55%, coated
with microporous latex (DVB/EVB 6% cross-linked) 70 nm particles with hydroxyalkyl quaternary
ammonium functional groups, and capacity of 290 equiv./4 mm × 250 mm column. A column
temperature of 35 ◦C was used. The mobile phase was MilliQ water (buffer A) and 2.5 M NaCl with
20 mM TRIS adjusted to pH 3.0 by addition of phosphoric acid (buffer B). The gradient was 0–2 min at
95% A with 5% B, followed by a linear gradient to 100% B at 26 min, a hold at 100% B until 31 min,
a linear gradient to 95% A with 5% B at 32 min, and a hold until end of run at 40 min. The flow rate
was constant at 0.8 mL/min. The UV detector was set at 215 nm. A 40 L injection volume was used.
The liquid chromatography system consisted of Agilent HPLC with a G1314A variable wavelength
detector, G1322A degasser, G1311A quaternary pump, column thermostat, and G1313A autosampler.

4.3. Sample Preparation

A 60 mg aliquot of each sample was dissolved in 1.5 mL of D2O. After two hours, the samples
were centrifuged for 4′ at 12,000 rpm, and the supernatant was separated from the precipitated
pellet. The supernatant and precipitated pellet were lyophilized. A 20 mg aliquot of the lyophilized
supernatant powder was dissolved in 0.6 mL of phosphate buffer solution and transferred to a 5 mm
NMR tube.

4.4. 1H-NMR

NMR spectra were measured on a Bruker AVANCE III 600 MHz spectrometer (Karlsruhe,
Germany) equipped with TCI 5 mm cryogenic probe. The experiments were acquired with a constant
presaturation power of 7 Hz at 298 K, and the following acquisition parameters were used: number
scan 32, dummy scan 8, relaxation delay 12 s, spectra width 18 ppm, transmitter offset 4.7 ppm.
After exponential multiplication (line broadening of 0.3 Hz), the spectra were Fourier transformed,
phased, baseline corrected, and calibrated on the TSP signal.

4.5. HSQC-NMR

The 2D-1H,13C-HSQC spectra were measured on a Bruker AVANCE III 600 MHz spectrometer or
on a Bruker AVANCE III HD 500 MHz spectrometer (Karlsruhe, Germany), equipped with TCI 5 mm
cryogenic probes, using the Bruker library hsqcetgpsisp2.2 pulse sequence.

The experiments were recorded at 298 K using the following acquisition parameters: number
of scan 24 (600 MHz) or 40 (500MHz), dummy scan 16, relaxation delay 2.5 s (600 MHz) or 2 s
(500 MHz ), spectral width 8 ppm (F2) and 80 ppm (F1), transmitter offset 4.7 ppm (F2) and 80 ppm
(F1), 1JC-H = 150 Hz. The chosen processing parameters are: zero filling to 4k in F2; linear prediction
to 640 points and zero filling to 1k in F1; and apodization by a 90◦ shifted squared sine bell function
in both dimensions. The spectra were processed and integrated using Topsin software version 3.5
(Bruker BioSpin, Rheinstetten, Germany).

4.6. PCA

Proton NMR spectra were imported into R (R Core Team (2016). R: A language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https:
//www.R-project.org/) (R version 3.3.1) and cut according to the chosen spectral region (GAGs signals
region: 1.95–2.25, 3.0–3.345, 3.37–3.63, 3.69–4.714, and 4.912–5.75 ppm regions, or part of the anomeric
signals region: 4.938–5.75 ppm region). Bucketing was then applied (16 points for GAGs region and
8 points for Heparin/HS region). Spectra were normalized for total area, in the Heparin/HS region
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case aligned (details in Table S14 and Figure S9), and mean centered. Principal Components Analysis
(PCA) was performed using the prcomp function from the R stats package.

Supplementary Materials: Figures S1–S9 and Tables S1–S14 are available online
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Abstract: In a collaborative study involving six laboratories in the USA, Europe, and India the
molecular weight distributions of a panel of heparin sodium samples were determined, in order to
compare heparin sodium of bovine intestinal origin with that of bovine lung and porcine intestinal
origin. Porcine samples met the current criteria as laid out in the USP Heparin Sodium monograph.
Bovine lung heparin samples had consistently lower average molecular weights. Bovine intestinal
heparin was variable in molecular weight; some samples fell below the USP limits, some fell within
these limits and others fell above the upper limits. These data will inform the establishment of
pharmacopeial acceptance criteria for heparin sodium derived from bovine intestinal mucosa.
The method for MW determination as described in the USP monograph uses a single, broad
standard calibrant to characterize the chromatographic profile of heparin sodium on high-resolution
silica-based GPC columns. These columns may be short-lived in some laboratories. Using the panel
of samples described above, methods based on the use of robust polymer-based columns have been
developed. In addition to the use of the USP’s broad standard calibrant for heparin sodium with these
columns, a set of conditions have been devised that allow light-scattering detected molecular weight
characterization of heparin sodium, giving results that agree well with the monograph method.
These findings may facilitate the validation of variant chromatographic methods with some practical
advantages over the USP monograph method.

Keywords: bovine heparin; porcine heparin; molecular weight; size exclusion chromatography;
pharmacopeia

1. Introduction

Heparin preparations for medical use are polydisperse polymers derived from mast cell containing
tissues, with molecular weights determined by both the tissue of origin and the processes involved
in heparin manufacture [1]. Measurement of the molecular weight distribution of heparin samples
usually involves size exclusion chromatography (SEC) with some form of light scattering detection,
as this technique does not depend on calibrant reference materials [2,3]. A chromatographic
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method was developed for inclusion as an identification method in the USP monograph for heparin
sodium [4], using a sample of porcine mucosal heparin as a broad standard calibrant, characterized in
a collaborative study involving eight laboratories. Though all these laboratories were expert in light
scattering detection, reproducibility of results between laboratories was not strong. However, it was
possible to combine the experimental results of this study to give a characteristic molecular weight
distribution for the calibrant material, expressed as a slice table allowing the use of the calibrant as
a broad standard (the USP Heparin Sodium Molecular Weight Calibrant (Reference Standard) RS) [5].

Only heparin from porcine intestinal mucosa (porcine mucosal heparin) is currently approved for
use in the USA, but the US Food and Drugs Administration (FDA) is investigating the possibility of
introduction of heparin sodium from bovine intestinal mucosa (bovine mucosal heparin) into the US
market [6]. Bovine mucosal heparin is licensed for use in several countries in the world. As porcine and
bovine heparin differ in many aspects of their structure and activity [7–10], data have been collected
on the potency and physicochemical characteristics of bovine heparin lots in current use in these
countries. The USP will use the collected data to generate proposed acceptance criteria for potency
and identification assays including molecular weight average and distributional parameters.

A multi-laboratory collaborative study has therefore been organized by the USP to obtain
consensus molecular weight data using the USP Heparin Sodium monograph method [4,5] for
a panel of bovine heparin samples in comparison with standard samples of porcine mucosal heparin.
In addition to its data-gathering role for specification setting, this set of samples provides an
opportunity to investigate further the discrepancies between light scattering methods and the USP
calibrant-based method, and to determine whether alternative column types, as compared with those
referred to in the USP Heparin Sodium monograph, might have acceptable chromatographic properties
for heparin sodium MW determination either using light scattering detection or with the use of the
USP Heparin Sodium Molecular Weight Calibrant RS.

Summary and Aims of the Study

Phase 1: Molecular weight parameters as described in the USP Heparin Sodium monograph [4] were
measured in six laboratories using the method described in the USP Heparin Sodium monograph [4]
for 20 lots of bovine mucosal heparin, 2 lots of bovine lung heparin, and 2 standard samples of porcine
mucosal heparin. The data collected in this phase of the study will contribute to the establishment of
suitable acceptance criteria for the molecular weight distribution of bovine mucosal heparin sodium.

Phase 2: Using the same heparin samples as Phase 1, a single laboratory assessed results from
12 distinct chromatographic methods, varying in column type, mobile phase, and calibration method.
The aim of this phase of the study was to identify alternative chromatographic methods giving similar
molecular weight values to those obtained using the USP Heparin Sodium monograph method,
avoiding some practical disadvantages of the USP method.

2. Results and Discussion

2.1. Phase 1: Collaborative Survey of Bovine and Porcine Heparin Samples

Results for 10 heparin samples were obtained from six participating laboratories, and for a further
14 samples from five laboratories. The sample codes are listed in Table S1 (Supplementary Materials),
with species and tissue of origin; there were 20 samples of heparin manufactured from bovine intestinal
mucosa (bovine mucosal heparin), two samples of bovine lung heparin, and two samples of heparin
manufactured from porcine intestinal mucosa (porcine mucosal heparin). System suitability requirements
described in Materials and Methods (below) were met for each laboratory on each day of the study.

An earlier study of heparin samples from porcine intestinal mucosa, currently the only acceptable
source for heparin sodium in the USA, was used to derive appropriate acceptance criteria for
molecular weight distribution by setting limits to the weight-average molecular weight Mw (15,000 to
19,000 g/mol), M24,000 (no more than 20%) and the ratio M8000–16,000/M16,000–24,000 (no less than 1.0) [5].
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These molecular weight characteristics for all 24 heparin samples, as determined in the
participating laboratories, are listed in Table S2A (Mw), Table S2B (M24,000) and Table S2C
(M8000–16,000/M16,000–24,000) (Supplementary Materials) and summarized in Figure 1.

 

Figure 1. Histogram plots of Phase 1 summary results for 24 heparin samples (see Table S1) (A) Mw,
(B) M24,000 and (C) M8000–16,000/M16,000–24,000 for bovine lung heparin (green), porcine mucosal heparin
(grey), and bovine mucosal heparin from sample donors 1 (orange), 3 (blue), 4 (pink), and 6 (yellow).
Values recorded are the mean values from five or six laboratories (see Table S2A–C) The vertical lines
indicate upper and lower limit acceptance criteria in the USP monograph for heparin sodium.

The two porcine mucosal heparins A-3 and D-1 have Mw near 16,000 Da, a typical value for
heparin sodium as previously determined [5] and close to the characteristic value of 16,000 Da
for the USP Heparin Sodium Identification RS. They have M24,000 of about 9%, and the ratio
M8000–16,000/M16,000–24,000 is about 1.5. Two bovine lung heparins H-2 and K-2 have lower Mw, outside
the acceptable range for heparin sodium at about 13,500 Da. This is consistent with values determined
for bovine lung heparins dating from the 1950s to the 1990s [11].

For the 20 bovine mucosal heparins, variability between individual samples is similar to that
for porcine heparin before introduction of molecular weight acceptance criteria, as determined
previously [5]. Three samples out of 23 (P-1, Q-2, and R-2) have Mw higher than the top limit of
19,000 Da, and the same three samples have more than the limit of M24,000 (20%). One of these
samples also has a low value for the ratio M8000–16,000/M16,000–24,000, though the mean value from five
laboratories rounds up to 1.0, the lower limit for this value. Figure 1 is shaded to indicate the donor
numbers of each sample, and systematic differences can be seen in the molecular weight profiles
of samples from each source. These differences are likely to originate from variant manufacturing
protocols, though variations in the source tissues due to climate, nutrition, etc. are also possible.

Figure 2 illustrates RI-detected chromatograms of the two bovine heparin samples with the lowest
(E-2) and highest (R-2) values of Mw. Though there is considerable overlap between the two samples,
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it is clear that sample E-2 contains a major amount of low molecular weight material, with longer
retention time, compared with sample R-2. At higher molecular weights (short retention time), sample
R-2 has about 30% material over 24,000 Da (well outside the USP’s acceptable range for porcine
heparin sodium) whereas sample E-2 only has about 8% (values of M24,000 from Table S2B). Values for
M8000–16,000/M16,000–24,000 reflect the molecular weight distribution in the mid-range; this ratio varies
from 2.70 for sample E-2 to 1.28 for sample R-2 (Table S2C).

Figure 2. Phase 1: Molecular weight distributions for the samples of bovine mucosal heparin with
highest (R-2) and lowest (E-2) molecular weights as measured by the USP Heparin Sodium monograph
method. Chromatographic profiles refer to Method 1.

2.2. Phase 2: Comparison of Different Chromatographic Methods

20 Samples of bovine mucosal heparin, two samples of bovine lung heparin, two samples of
porcine mucosal heparin and one USP Heparin Sodium Identification RS were analyzed in different
chromatographic conditions (see Table S5) by one laboratory involved in the project, with the purpose
of comparing the conventional USP calibration method to a light-scattering method; furthermore,
an evaluation of silica (two column sets, called A and B) and polymeric columns (two column sets,
called C and D) chromatographic performances was done to determine whether polymeric columns
might have acceptable chromatographic properties for heparin sodium MW determination (method
details are reported below and in the Supplementary Material). Actually, most of the pharmacopeia
chromatographic assays for the molecular weight distributions of heparin use silica columns, for which
the great advantage of high resolution is countered by very short life time and many problems of
compatibility with samples (interactions, pH, and so on).

After first analysis with silica columns sets A and B (respectively Methods 1 and 2), samples
were analyzed with polymer column set C (Methods from 3 to 7) and finally with polymer column
set D (Methods from 8 to 12). The chromatographic profiles overlay of the USP Heparin Sodium
Identification RS is reported in Figure 3. As can be observed, the elution peak is well separated from
the mobile phase peak, so all chromatographic conditions tested are suitable for the analysis of this
sample. Same results were obtained for the analysis of the other samples (chromatograms not reported).
After acquisition, data were elaborated using suitable GPC software, as described in Supplementary
Material section. Results for weight-average molecular weight Mw of the heparin samples, percent
proportion of material M24,000 and the ratio M8000–16,000/M16,000–24,000 are reported in Table S3A–C of
the Supplementary Material section; results obtained for the analysis of the USP Heparin Sodium
Identification RS are reported in Table 1.
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Table 1. Phase 2: Weight-average molecular weight (Mw, Da), percent proportion of material
above 24,000 Da (M24,000) and the ratio M8000–16,000/M16,000–24,000 (Ratio) of USP Heparin Sodium
Identification RS, as measured using 12 distinct chromatographic methods. Results refer to the mean
values of duplicate injections. Values were rounded to the nearest 100 Da.

Value
Chromatographic Methods (see Text and Table S5)

1 2 3 4 5 6 7 8 9 10 11 12

Mw
(kDa) 15.8 17.7 15.7 15.2 16.7 16.1 17.0 15.8 15.7 16.0 16.2 16.4

M24,000 8.8 16.86 8.93 8.17 13.39 9.12 14.79 8.96 8.47 7.93 6.20 8.32
Ratio 1.89 0.99 1.82 1.97 1.49 1.64 1.48 1.72 1.82 1.37 1.24 1.15

Figure 3. Phase 2: Overlay view of USP Heparin Sodium Identification RS chromatographic profiles in
12 distinct chromatographic systems. Panels: (A) Methods 1 and 2; (B) Methods 3–7; (C) Methods 8–12.
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The weight-average molecular weight Mw range calculated for the USP Heparin Sodium
Identification RS, as measured to assess system suitability (see Methods section), is between 15,200
and 17,700 Da, with an average value of 16,200 Da. Acceptance criteria for the system suitability test
indicate that Mw for this sample should lie within +/−500 Da of the established value of 16,000 Da
(see Methods for the full set of system suitability requirements). Results for Methods 2, 4, 5 and 7,
respectively 17,700, 15,200, 16,700 and 17,000 Da are out of the USP acceptance criteria, but considering
all 12 methods Mw results, the RSD% calculated is 4.17%, an acceptable value taking into account the
instrument sensitivity and the different chromatographic conditions tested. One of the most critical
points in the analysis with light-scattering detector is the use of the correct dn/dc value, a parameter
that is a function not only of the sample but also of the chromatographic conditions, and this is the
base of the differences observed in molecular weight distribution results [5]. The values used in this
work were experimentally calculated for a heparin sodium sample by the laboratory involved in the
comparison of chromatographic methods.

More in detail: Methods 5 and 7 were acquired at 40 ◦C with same columns and both gave high
molecular weight and of course higher M24,000 in comparison with Method 1 (official USP method for
the analysis of heparin sodium molecular weight distribution); instead Methods 3, 4 and 6, acquired at
30 ◦C with the same columns but different calibration, gave lower molecular weight in comparison to 5
and 7 (although Methods 3 and 6 respects USP acceptance criteria). So, it is clear that column set C does
not completely have the acceptable chromatographic properties required. The main reason of these
differences could be the different particle size between columns sets C and A (both columns of the set
C have a particle size of 7 μm, while columns set A have a particle size of 5 and 8 μm). Regarding to
the columns set B, both molecular weight and ratio M8000–16,000/M16,000–24,000 are out of the acceptance
criteria; again, the main problem could be the particle size of the columns set (5 μm). As a conclusion
for this first part, it seems that with a chromatographic system in which the particle size is the same for
each column used in series, the correct resolution required is not reached, with the only exception of
Method 3 chromatographic conditions, very similar to the USP official method. Looking at Methods
8 to 12, each of these chromatographic conditions results are within the acceptance criteria; the fact
that column set D particle sizes are different (respectively 10 μm for the TSKG4000SWXL and 7 μm
TSKG3000PWXL) could be a confirmation that having a single particle size in a column set cannot
reach the right resolution required. Particularly remarkable is that the use of a light-scattering detector
allows us to reach results comparable with the official USP method for the analysis of heparin sodium.

Taking into account results from the whole set of 24 heparin samples, values for Mw (Table S3A)
and M24,000 (Table S3B) can be used to compare methods for use over a wide range of heparin samples
(Figure 4). Methods 3, 8 and 9 give results in especially good agreement with Method 1 over the entire
range; few values for Mw are more than 500 Da away from the Method 1 value, and few values for
M24,000 are outside +/−10% of the Method 1 value.

Methods 10 and 11 use the same column set as Methods 8 and 9, but use the Broad Standard
calibrant (The USP Heparin Sodium Molecular Weight Calibrant RS). This calibrant was characterized
for use with the L59 silica columns specified in the monograph. The calibrant information for a broad
standard is a slice table of mass fraction vs. molecular weight (for example Table S4), which is
a property of the calibrant material, theoretically independent of the chromatographic system used.
In principle therefore, the broad standard calibrant should be transferable to any SEC column for which
the sample is fully included. Methods 10 and 11 give reasonable agreement with Method 1 across most
of the range of heparin samples in the panel, but less good agreement than do light-scattering Methods
8 and 9. Transference of this calibration method to column types other than those specified in the
monograph cannot be guaranteed, and is particularly poor for column set C in this study (see Figure 4,
Methods 5, 6 and 7), but appears to work best when used for heparin samples with molecular weight
distributions within the current USP acceptance criteria (Table S3A,B).
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Figure 4. Phase 2: Column chart indicating similarity in molecular weight results for 24 heparin
samples, between the USP Heparin Sodium monograph method (Method 1) and 11 other distinct
chromatographic methods (Table S5). Blue columns plot Mw data and orange columns plot M24,000.
Data are taken from Table S3A,B; similarity criteria are for Mw, values differ from Method 1 by less
than 500 Da; for M24,000 values differ from Method 1 by less than 10%.

3. Materials and Methods

3.1. Materials

USP Heparin Sodium Molecular Weight Calibrant and USP Heparin Sodium Identification RS
were provided by USP. Twenty heparin sodium samples from bovine intestinal mucosa, and two from
bovine lung were donated by four manufacturers of heparin; two standard samples from porcine
intestinal mucosa were from USP and NIBSC. Sample codes are listed in Table S1.

3.2. Phase 1: The Collaborative Study

For the collaborative study, participants followed protocols based on the USP Heparin Sodium
Monograph Identification Test D: Molecular weight determinations [4]. Briefly, the samples were
analyzed by SEC on silica-based size exclusion columns USP code L59 (for example, a TSK G4000
SWXL (7.8 mm × 30 cm) and a TSK G3000 SWXL column (7.8 mm × 30 cm) in series, preceded by
a TSK SWXL guard column; Tosoh Bioscience) using 0.1 M ammonium acetate (with 0.02% sodium
azide preservative) as a mobile phase at a flow rate of 0.6 mL/min. Detection was by refractive index
(RI) increment; the columns and detector were maintained at 30 ◦C. The calibrant, system suitability
sample, and all heparin samples were taken up at 5 mg/mL in mobile phase; injection volume was
20 μL. Duplicate determinations were performed for each heparin sample in each laboratory, and
results were reported to the USP.

Analysis of the Chromatographic Data

Broad standard calibration was performed using a chromatogram of the USP Heparin Sodium
Molecular Weight Calibrant RS, baseline corrected and integrated; the cumulative area at each point
under the heparin peak was calculated. Using the broad standard table (Table S4), points in the
chromatogram were identified for which the percent cumulative area was closest to the percent
fractions listed in the table; the molecular weight (MW) in the table was then assigned to the
corresponding retention time (RT) in the chromatogram. For the set of retention times and molecular
weights identified, log(MW) vs. RT was fitted to a third-order polynomial function. For each injection
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of the heparin samples and the system suitability sample, the weight average molecular weight Mw

was calculated according to the formula

Mw =

∑
i

RIi Mi

∑
i

RIi
(1)

where RIi is detector response at each point i and Mi is molecular weight at each point i.
Proportions of material within specific molecular weight ranges were calculated as follows: the

percentage of heparin with molecular weight in the range 8000 to 16,000 Da, M8000–16,000, the percentage
of heparin with molecular weight in the range 16,000 to 24,000 Da, M16,000–24,000, and the percentage of
heparin with molecular weight greater than 24,000 Da, M24,000.

System suitability criteria were as follows, taken from the USP Heparin Sodium monograph:
in the chromatogram of the system suitability sample (the USP Heparin Sodium Identification RS),
there is a baseline resolution between the heparin and salt peaks. The linear regression coefficient of
the calibration curve fitted to the broad standard table values must be not less than 0.990 in magnitude,
using a third order polynomial equation. The mean of the calculated Mw from the duplicate injections
of system suitability solution rounded up to the nearest 100 Da is within 500 Da of the assigned value
of 16,000. The peak molecular weights (Mp) of the duplicate injections of system suitability solution do
not differ by more than 5% of the upper value.

3.3. Phase 2: Comparison of Different Chromatographic Methods

In Phase 2 of the study 12 different GPC methods were compared in a single laboratory. Details
of the chromatographic conditions used in each of the 12 methods are given in the text of the
Supplementary Materials, and in Table S5. The heparin samples characterized in Phase 2 were
the same set as for Phase 1 of the study.

Analysis of the Chromatographic Data

Two methods for derivation of molecular weights from chromatograms were employed.
For methods 1 (the USP monograph method), 5, 6, 7, 10, 11 and 12, in which only the refractive
index detector is involved , a broad standard calibration was performed using a chromatogram
of the USP Heparin Sodium Molecular Weight Calibrant RS, as described for Phase 1. Methods 2,
3, 8 and 9 used both RI and Right Angle Laser Light Scattering (RALLS) detection, for which no
calibrant reference standard is needed. The relationship between refractive index increment and
concentration of the analyte, known as the dn/dc parameter, changed as a function of the mobile phase
used, as described in Supplementary Material section. As for the Phase 1 study, the weight-average
molecular weight Mw, the percentage of heparin with molecular weight in the ranges 8000 to 16,000,
M8000–16,000, and 16,000 to 24,000, M16,000–24,000, and the percentage of heparin with molecular weight
greater than 24,000, M24,000 were evaluated.

Acceptance criteria were as for Phase 1: The chromatographic system is suitable if the
chromatographic profile of samples does not overlap the mobile phase peak; secondly, the Mw value
determined for USP Heparin Sodium Identification RS (the system suitability sample) has to be within
500 Da of the assigned value of 16,000 Da [4].

4. Conclusions

A panel of 20 lots of bovine mucosal heparin had average molecular weights similar to those
of porcine mucosal heparin samples, but with a wider variation from sample to sample, probably
reflecting differences in manufacturing methods for heparin from a single species and tissue source.
Some molecular weight values fall outside current USP acceptance criteria for heparin sodium.
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Bovine lung heparin samples were lower in average molecular weight than mucosal heparin,
as has been reported in the past.

Alternative SEC methods for molecular weight analysis of heparin sodium give varying degrees
of comparability with the USP monograph method. Use of the USP Heparin Sodium Molecular
Weight Calibrant RS with long-lived polymer based columns gave comparable results with the USP
monograph method for samples within the current acceptable range of heparin sodium samples;
some methods using polymer-based columns with light scattering detection gave good agreement
throughout the full range of heparin samples investigated in this study.

Supplementary Materials: Supplementary Materials are available online. 1. Table S1: Heparin sample codes and
origin; 2. Table S2A–C: Molecular weight measurements from the Phase 1 study; 3. Further details of materials and
methods; 4. Table S3A–C: Molecular weight measurements for the Phase 2 study; 5. Table S4: Broad standard table
for the USP Heparin Sodium Molecular Weight Calibrant RS; 6. Table S5: Summary of methods used for Phase 2.
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Abstract: Heparin and heparan sulfate are structurally-related carbohydrates with therapeutic
applications in anticoagulation, drug delivery, and regenerative medicine. This study explored
the effect of different bioreactor conditions on the production of heparin/heparan sulfate
chains via the recombinant expression of serglycin in mammalian cells. Tissue culture flasks
and continuously-stirred tank reactors promoted the production of serglycin decorated with
heparin/heparan sulfate, as well as chondroitin sulfate, while the serglycin secreted by cells in the
tissue culture flasks produced more highly-sulfated heparin/heparan sulfate chains. The serglycin
produced in tissue culture flasks was effective in binding and signaling fibroblast growth factor 2,
indicating the utility of this molecule in drug delivery and regenerative medicine applications in
addition to its well-known anticoagulant activity.

Keywords: heparin; heparan sulfate; serglycin; proteoglycan; recombinant expression; bioreactor

1. Introduction

Heparin is used clinically as an anticoagulant due to its ability to bind anti-thrombin and modulate
downstream events in the clotting cascade [1,2]. The large market for clinical heparin, including more
than 300,000 doses used per day in the US [3,4], has also enabled researchers to explore its therapeutic
application to reduce the thrombogenecity of materials and deliver growth factors for tissue repair [5].
Heparan sulfate is structurally similar to heparin with both being linear polysaccharides composed
of repeating disaccharides of hexuronic acid and glucosamine. Heparin contains a higher degree
of sulfation than heparan sulfate [6] with, on average, 2.7 sulfate groups per disaccharide, whereas
heparan sulfate contains at least one sulfate group per disaccharide [7].

Heparin is only known to be expressed by mast cells in tissues that are in direct contact with the
environment, including lung, skin, and intestine, and decorates the protein core of a single intracellular
proteoglycan, serglycin [8–11]. Thus, the biological function of heparin is unlikely to be the prevention
of blood coagulation. Heparan sulfate, however, is ubiquitous on the cell surface and in the extracellular
matrix of tissues and decorates the protein core of many cell surface, including syndecans and glypicans,
and extracellular matrix, including perlecan, agrin, and type XVIII collagen, proteoglycans and
displays tissue-specific sulfation patterns [12,13]. These structural differences account for tissue-specific
activities of heparan sulfates in modulating cellular interactions, as well as the binding and activity of
enzymes, growth factors and extracellular matrix proteins [14,15]. Thus, there is growing interest in
the therapeutic application of heparan sulfates for selective biological activities.

Both heparin and heparan sulfate isolated from tissues vary in composition and sequence
between sources due to their synthesis via a non-template-driven process involving the timed activity
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of approximately twenty enzymes in the Golgi [16], although the regulators of the expression of
these enzymes are not fully understood. These enzymes are involved in chain initiation, elongation,
epimerization, and sulfation. While this structural heterogeneity provides an opportunity to fine-tune
the biological activity for particular applications, the precise identification of structure-function
relationships has been challenging [17]. However, certain structural features are known to be
required for highly-specific interactions, such as a pentasaccharide structure containing an 3-O-sulfated
glucosamine for binding to anti-thrombin III [18], whereas other structures are less specific, such as a
contiguous string of highly-sulfated disaccharides for binding to fibroblast growth factor (FGF) and
downstream growth factor activation [19].

Heparin is sourced predominantly from animal tissues, particularly porcine intestinal mucosa
and, to a lesser extent, bovine lung tissues due to concerns over bovine spongiform encephalopathy
contamination [20]. Commercially-available heparan sulfates are synthesized as byproducts of
heparin production or by selective de-sulfation of heparin [21,22]. The production of heparan sulfate
libraries from tissues is time consuming and technically challenging [23]. The growing demand
for heparin and heparan sulfates for clinical applications has led researchers to explore alternative
methods of production including chemoenzymatic synthesis [24], chemical synthesis [25], sulfation of
polysaccharides [26], and metabolic engineering [27]. A bioengineered heparin-like heparan sulfate
was recently reported by the authors by expressing serglycin in mammalian cells [1]. This recombinant
serglycin was decorated with chondroitin/dermatan sulfate in addition to heparin/heparan sulfate
chains [1,28] similar to serglycin isolated from natural sources where it has been shown to be decorated
with multiple types of glycosaminoglycan chains covalently attached to its eight glycosaminoglycan
attachment sites [8–11].

The aim of this study was to explore the effect of different bioreactor conditions on the yield,
structure, and activity of heparin/heparan sulfates produced by expressing serglycin in mammalian
cells. Bioreactors, including tissue culture flasks, continuously-stirred tank reactors (CSTR), and shaker
flasks, were investigated as each of these have been used for commercial scale production of
bioactives [29]. Different bioreactors and culture conditions were found to change the structure of the
heparin/heparan sulfate chains produced by the cells with the serglycin produced being effective at
binding and signaling FGF-2. This supports the use of these bioreactors and our approach to produce
heparin/heparan sulfates for use in the clinic as an anticoagulant, as well as future uses in drug
delivery and regenerative medicine applications.

2. Results

2.1. The Effect of Different Bioreactors on Serglycin Production

HEK-293 cells expressing serglycin were cultured for three days in different bioreactors, including
batch culture in tissue culture flasks, CSTR, and shaker flasks (Figure 1A). The morphology of cells
after three days in culture was analyzed by phase contrast microscopy (Figure 1B). Cells cultured
in the tissue culture flasks formed a confluent monolayer of cells with the characteristic polygonal
morphology of adherent cells (Figure 1B(i)). In contrast, aggregated spheroids of cells were found in
both the CSTR and shaker flasks (Figure 1B(ii),(iii)). Cells cultured in the CSTR were stirred at 100 rpm,
which produced aggregates in the size range 50–300 μm (Figure 1B(ii)). Cells cultured in the shaker
flasks were subjected to constant agitation using an orbital shaker operated at 80 rpm, which induced
the formation of uniform cell spheroids that ranged in size from 180–200 μm (Figure 1B(iii)).
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Figure 1. (A) Schematic of different bioreactors used to culture the HEK-293 cells expressing serglycin
including (i) tissue culture flasks, (ii) continuously stirred tank reactors (CSTR), and (iii) shaker flasks;
and (B) phase contrast images of cells after three days of culture in the different bioreactor conditions.
The scale bar represents 50 μm.

The influence of the different bioreactors on cell proliferation was analyzed over three days
(Figure 2). Cells cultured in the tissue culture flasks supported the highest level of cell proliferation.
Both the CSTR and shaker flasks supported significantly reduced (p < 0.05) cell proliferation compared
to the cultures in the tissue culture flasks. The CSTR and shaker flasks induced the formation of
spheroid cultures that appeared to have reduced the proliferation of the cells.
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Figure 2. The relative number of cells measured over three days in the different bioreactors, including
tissue culture flasks, CSTR, and shaker flasks. Data are presented as means ± standard deviation
(n = 3). * indicates significant differences (p < 0.05) compared to tissue culture flasks at day 3 analyzed
by one-way ANOVA.

The influence of the different bioreactors on the cells was also analyzed in terms of yield of
proteins and glycosaminoglycans after enrichment of the conditioned medium by anion exchange
chromatography for proteoglycans, of which the major proteoglycan produced by these cells was
serglycin. The highest yield of proteins was obtained from the tissue culture flasks, followed by the
CSTR, and then the shaker flasks, which demonstrated the lowest yield (Figure 3A). The highest
yield of glycosaminoglycans was obtained from the CSTR and shaker flasks, and the lowest yield of
glycosaminoglycans was obtained from the tissue culture flasks (Figure 3B). Analysis of the ratio of
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glycosaminoglycan to protein yields indicated that the CSTR and shaker flasks produced the highest
amount, and the tissue culture flasks the least (Figure 3C). These data suggest that the spheroid cultures
reduced cell proliferation and encouraged glycosaminoglycan decoration of the serglycin protein core
to a greater extent than tissue culture flasks that encouraged cell proliferation and protein production.

 

A B C

Figure 3. Yield of (A) protein; (B) glycosaminoglycan (GAG); and (C) the ratio of GAG to protein from
HEK-293 cells expressing serglycin cultured in different bioreactors over three days and purified by
anion exchange chromatography. Protein concentration was measured by Coomassie protein assay
and GAG concentration was measured by Dimethylmethylene Blue (DMMB) assay.

The effect of bioreactors on serglycin production and glycosaminoglycan decoration was also
explored. There was no difference on the level of serglycin produced by cells in each of the bioreactors
(Figure 4A). Tissue culture flasks and the CSTR produced the same level of heparin/heparan sulfate
chains as detected by the presence of the HS stub structure that is demonstrated following heparinase III
(HepIII) digestion and recognized by the monoclonal antibody 3G10 (Figure 4B). In contrast, the shaker
flasks significantly reduced (p < 0.05) the level of heparin/heparan sulfate chains (Figure 4B). Unlike
heparin/heparan sulfate, which has one stub structure, chondroitin sulfate (CS) has multiple stub
structures, following chondroitinase (C’ase) ABC digestion, including the 4- or 6-sulfated stub that
can be detected with monoclonal antibodies 2B6 or 3B3, respectively (Figure 4C). While the level of
chondroitin sulfate chains with 6-sulfated stub structures was not altered in any of the bioreactors
analyzed, the level of 4-sulfated stub structures was significantly reduced in the shaker flasks compared
to the tissue culture flask and CSTR (Figure 4C).

The effect of the different bioreactors was further assessed by analyzing the sub-structure of
the heparan and chondroitin sulfate chains produced by ELISA (Figure 5). Interestingly, the CSTR
promoted the production of heparan sulfate chains containing N-acetylated glucosamine resides, as
detected using the heparan sulfate chain antibody, to a significantly greater (p < 0.05) extent than
either the tissue culture flasks or the shaker flasks (Figure 5A). Together with the data presented
in Figure 4B, this indicated that the tissue culture flasks promoted heparan sulfate/heparin chains
with a different structure to the CSTR as they exhibited the same level of heparan sulfate/heparin
chains. It is speculated that the tissue culture flasks promoted heparan sulfate/heparin chains with
sulfated disaccharides, as observed previously [1]. The shaker flasks facilitated minimal heparan
sulfate/heparin chain production with no detectable heparan sulfate chains using the heparan sulfate
chain antibody (Figure 5A). Both the tissue culture flasks and the CSTR supported the production of
chondroitin sulfate containing type A and C disaccharides, while the shaker flask did not support
the production of this type of chondroitin sulfate chain (Figure 5B). These data align with the level of
4-sulfated chondroitin sulfate stub structures detected in each of the cultures (Figure 4C).
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Figure 4. The effect of bioreactors on the production of serglycin, heparin/heparan sulfate and
chondroitin sulfate. The schematic indicates the structure of serglycin with eight glycosaminoglycan
attachment sites that can be decorated with either chondroitin/dermatan sulfate or heparin/heparan
sulfate chains. The effect of glycosaminoglycan lyase digestion on the glycosaminoglycan chains are
indicated in panels (B,C) with HepIII removing heparin/heparan sulfate chains to reveal a single
stub structure and chondroitinase ABC (C’ase ABC) removing chondroitin/dermatan sulfate chains
to reveal a stub structure. ELISA for the presence of (A) serglycin core protein; (B) heparin/heparan
sulfate stubs detected using anti-heparan sulfate/heparin-stub antibody clone 3G10 following HepIII
digestion, and (C) chondroitin sulfate stubs detected using anti-4-sulfated chondroitin sulfate stub
antibody clone 2B6 and anti-6-sulfated chondroitin sulfate stub antibody clone 3B3 following C’ase
ABC digestion. Data are presented as means ± standard deviation (n = 3). * indicates significant
differences (p < 0.05) compared to tissue culture flasks analyzed by one-way ANOVA.
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Figure 5. Effect of bioreactors on heparan and chondroitin sulfate structure. ELISA for the presence
of (A) heparan sulfate chains detected using anti-heparan sulfate chain antibody clone 10E4 and
(B) chondroitin sulfate chains detected using anti-chondroitin sulfate chain antibody clone CS-56. Data
are presented as means ± standard deviation (n = 3). * indicates significant differences (p < 0.05)
compared to batch cultures analyzed by one-way ANOVA.
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2.2. The Effect of Different Culture Conditions on Serglycin Production

As the tissue culture flasks promoted the production of heparan sulfate/heparin, this type of
bioreactor was explored further over a seven-day batch culture with HEK-293 cells expressing serglycin.
Cells were cultured in three different glucose concentrations of 5.5, 25, and 50 mM as a previous study
where the cultures that were passaged weekly and fed every three days indicated that the level of
glucose in the medium affected heparin/heparan sulfate production [1]. The influence of glucose
concentration on the cells was analyzed in terms of serglycin production and glycosaminoglycan
decoration after enrichment of the conditioned medium by anion exchange chromatography for
serglycin (Figure 6). Increasing the level of glucose in the medium increased the level of serglycin
produced (Figure 6A). There was, however, no difference in the level of heparan sulfate/heparin
stubs produced by cells in each of the conditions (Figure 6B) and only baseline levels of heparan
sulfate chains containing N-acetylated glucosamine residues detected in each condition (Figure 6C).
It is speculated that cells grown in tissue culture flasks for extended periods, regardless of glucose
concentration, promoted heparan sulfate/heparin chains with sulfated disaccharides, as observed
previously [1]. In contrast, cells cultured in medium containing 5.5 mM glucose produced significantly
(p < 0.05) lower levels of chondroitin sulfate containing type A and C disaccharides compared to cells
cultured in medium containing either 25 or 50 mM glucose (Figure 6D).

 

A. Serglycin

D. Chondroitin sulfate

B. Heparan sulfate/
heparin stubs

C. Heparan sulfate

**

Figure 6. The effects of altering glucose concentrations in media for the production of serglycin, heparan
sulfate/heparin and chondroitin sulfate. ELISA for the presence of (A) serglycin was detected using a
polyclonal anti-serglycin antibody; (B) heparan sulfate/heparin stubs were detected using anti-heparan
sulfate stub antibody clone 3G10 following HepIII digestion; (C) heparan sulfate chains were detected
using anti-heparan sulfate antibody clone 10E4; and (D) chondroitin sulfate chains were detected
using anti- chondroitin sulfate chain antibody clone CS-56. Data are presented as means ± standard
deviation (n = 3). * indicates significant differences (p < 0.05) compared to 25 mM glucose analyzed by
one-way ANOVA.
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2.3. The Effect of Serglycin Glycosaminoglycan Decoration on Growth Factor Binding and Signaling

One of the major functions of the glycosaminoglycans, such as heparin/heparan sulfate, is
to bind and signal growth factors. The production of proteoglycans capable of recapitulating this
function in vivo is of therapeutic interest due to the relatively low abundance of naturally-occurring
proteoglycans at sites of wound healing. Thus the binding and signaling of the mitogenic growth factor,
FGF-2, was analyzed using the BaF32 cell assay. The BaF32 cells proliferate when biologically-active
ternary complexes are formed between cell surface FGF receptors, FGF-2 and heparin/heparan sulfate.
The positive control for the assay was the FGF receptor type 1c expressing cells exposed to heparin
and FGF-2 as shown by the significant (p < 0.05) increase in absorbance compared to cells exposed to
either heparin or FGF-2 (Figure 7). The addition of serglycin produced by cells cultured for seven days
in medium containing 25 mM glucose, as this preparation contained both highly-sulfated heparan
sulfate/heparin and chondroitin sulfate, bound and signaled FGF-2 as shown by the significant
(p < 0.05) increase in cell proliferation compared to cells only exposed to serglycin. Digestion of
the chondroitin sulfate chains that decorated serglycin resulted in significantly (p < 0.05) greater
proliferation of the cells when exposed to FGF-2 compared to cells exposed to undigested serglycin
and FGF-2. These data indicated that removal of the chondroitin sulfate chains increased the ability of
the heparin/heparan sulfate chains that decorated serglycin to bind and signal FGF-2. Digestion of the
heparin/heparan sulfate chains that decorated serglycin resulted in no significant difference in the
proliferation of the cells when exposed to FGF-2 compared to cells exposed to undigested serglycin
and FGF-2. Digestion of the heparin/heparan sulfate and chondroitin sulfate chains that decorated
serglycin resulted in a significant (p < 0.05) increase in the proliferation of the cells when exposed to
FGF-2 compared to cells exposed to undigested serglycin and FGF-2. Together these data suggested
that the heparin/heparan sulfate chains released from the serglycin core protein by HepIII digestion
were able to form active complexes with FGF-2 and FGF receptor type 1c.

 

*

* * *
*

**
**

Figure 7. Activity of serglycin with heparin/heparan sulfate and chondroitin sulfate chains determined
by the signaling of FGF receptor type 1c expressing BaF32 cells in the presence of FGF-2 as mesured by
the MTS assay. Cells in the presence of FGF-2 and heparin were used as a control for the formation
of active ternary complexes. Negative controls were cells in the presence of no additives, heparin, or
FGF-2. Selected serglycin preparations were digested with either chondroitinase ABC, hepIII or both
glycosaminoglycan lysases prior to the assay. Cell proliferation was measured after 72 h. * indicated
significant differences (p < 0.05) within treatments for cells and FGF-2 compared to cells only as
determined by a one-way ANOVA; ** indicated significant differences (p < 0.05) as determined by
two-way ANOVA.
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3. Discussion

This study explored the production of recombinant serglycin in different bioreactors including
tissue culture flasks, CSTR, and shaker flasks. Bioreactors that maintain cells in a suspension culture
are widely used in industry enabling scale-up of bioactive production [29]. The HEK-293 cells used
in this study that had been transfected to stably express serglycin are an adherent cell line, so it was
of interest to subject them to the CSTR and shaker flask bioreactors that did not provide conditions
for cell adhesion and explore their ability to proliferate and express serglycin. Interestingly, the cells
cultured in these bioreactors proliferated, albeit at reduced levels compared to the cells grown in tissue
culture flasks. In addition, the cells in both the CSTR and shaker flasks formed spheroids similar to
what can be achieved with packed bed bioreactors, however, without an adhesive bead matrix to
support cell adhesion [30]. The cell spheroids formed in the CSTR and shaker flasks indicated that the
cells under these conditions, formed stable cell-cell contacts providing a different microenvironment to
cells grown in the tissue culture flasks.

The microenvironment of cells is known to affect the type and structure of glycosaminoglycans
that decorate proteoglycans leading to tissue-specific sulfation patterns [12,13]. The authors recently
reported that mast cells cultured in different microenvironments change the type of glycosaminoglycans
that they produce [31]. Thus, it was not surprising to discover in this study that the type of bioreactor
used to produce proteoglycans altered the production of heparin/heparan and chondroitin sulfate
chains. Interestingly, while there were differences in the extent and type of glycosaminoglycans
produced, there was no change in the level of serglycin produced in each of the bioreactors. It was
interesting to note that while the CSTR and shaker flask bioreactors both induced cell spheroid cultures,
albeit of different sized spheroids, the cells produced a similar level of glycosaminoglycan decoration
of the protein cores, but with different structures. This finding further supports the concept that the
microenvironment plays a key role in determining the type and structure of glycosaminoglycans.

The level of glucose in the culture medium has been reported to affect cell proliferation [32],
as well as protein production and glycosylation [33–36]. A comparison of the results of this study and
a previous study by the authors indicated that changes in the method of culture in tissue culture flasks
is sufficient to alter both serglycin protein core production and the type of glycosaminoglycans [1].
Previously, the cells were cultured for seven days in tissue culture flasks in medium containing 5.5,
25, or 50 mM glucose, passaged weekly and fed every three days. These conditions indicated that the
level of glucose in the medium affected both serglycin and heparin/heparan sulfate production [1].
In contrast, this study, cells were grown for three days in tissue culture flasks in medium containing
5.5, 25, or 50 mM glucose prior to passaging, demonstrated that the level of glucose in the medium
also affected chondroitin sulfate production.

As the recombinant serglycin produced in this study was decorated with heparin/heparan sulfate
chains, it was of interest to determine its ability to bind and signal growth factors. Heparin/heparan
sulfate chains are known to bind FGF-2 involving regions of high sulfation called S-domains [19,37].
Thus the serglycin preparation containing sulfated heparan sulfate/heparin and chondroitin sulfate
was explored for FGF-2 signaling. This study found that the serglycin bound and signaled FGF-2
through its heparin/heparan sulfate chains both when attached to the serglycin protein core and
following HepIII digestion. HepIII depolymerizes heparan sulfate by elimination of hexuronic acids
acting next to N-sulfated or N-acetated residues without sulfation, or with low levels of O-sulfation [38].
Thus HepIII has a limited ability to depolymerize heparin. The heparin/heparan sulfate chains attached
to serglycin used in this assay were found to contain highly-sulfated disaccharides, thus, treatment
with HepIII would have released heparin/highly-sulfated heparan sulfated oligomers accounting for
the FGF-2 activity of the heparin/heparan sulfate chains in solution in addition to when presented on
the protein core of serglycin. While chondroitin sulfate is not involved in FGF-2 signaling [39], removal
of the chondroitin sulfate chains from serglycin in this study was able to enhance the binding and
signaling of the heparin/heparan sulfate bound to serglycin. This is likely due to the close proximity
of the eight glycosaminoglycan attachment sites within the central region of the serglycin protein
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core. Removal of the chondroitin sulfate chains from the protein core of serglycin is likely to have
enabled increased flexibility of the heparin/heparan sulfate chains attached to serglycin. A similar
phenomenon has been observed for perlecan decorated with both heparan and chondroitin sulfate [40].

In conclusion, this study demonstrated that different bioreactors, including tissue culture flasks,
CSTRs, and shaker flasks, in addition to different levels of glucose in the media, produced unique
microenvironments that differentially decorated serglycin with heparin/heparan sulfate, as well as
chondroitin sulfate. The serglycin produced bound and signaled FGF 2 via its heparin/heparan
sulfate chains both when presented as a proteoglycan or as isolated glycosaminoglycan chains.
These data demonstrate that the recombinant expression of serglycin is a promising approach for the
production of tailored glycosaminoglycan structures with broad applications in drug delivery and
regenerative medicine.

4. Materials and Methods

4.1. Culture of Mammalian Cells Expressing Serglycin

Human embryonic kidney (HEK-293) cell were transfected to stably express serglycin,
as previously described [1]. Cells were maintained with DMEM culture medium containing 25 mM
glucose, 10% (v/v) fetal bovine serum (FBS) and 100 μg/mL penicillin and streptomycin at 37 ◦C, 5%
CO2 in a humidified incubator. Cells seeded at 2 × 105 cells/mL were cultured in standard T75 culture
flasks (reactor volume of 10 mL), a continuously-stirred tank reactor (CSTR) operated at 100 rpm, or a
conical shaker flask on an orbital shaker operated at 80 rpm, each with a reactor volume of 250 mL.
The speed of rotation of the CSTR and shaker flasks was determined with reference to previous studies
using suspension cells [31]. Each of the bioreactors was operated in batch mode over three days.
Additionally, cells were cultured in DMEM culture medium containing 5.5, 25, or 50 mM glucose, 10%
(v/v) FBS and 100 μg/mL penicillin and streptomycin at 37 ◦C, 5% CO2 in a humidified incubator in
standard T75 culture flasks in batch mode for seven days.

4.2. Cell Proliferation Assay

At each time point 50 μL of cell suspension was removed from the CSTR and shaker flasks and
the number of viable cells analyzed using a hemocytometer and the trypan blue exclusion dye. For the
tissue culture flasks, cell proliferation was analyzed by setting up parallel conditions in a 96 well tissue
culture plate seeded with 2 × 105 cells/mL and the number of cells at each time point was analyzed by
the MTS assay using Cell Titer 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA) and
absorbance was measured at 490 nm.

4.3. Isolation of Serglycin

Serglycin was isolated from the conditioned medium by anion exchange chromatography.
The diethylaminoethyl (DEAE) column was equilibrated at 1 mL/min with running buffer (250 mM
NaCl, 20 mM Tris, 10 mM EDTA, pH 7.5) before the addition of medium conditioned by cells and the
baseline absorbance was re-established with running buffer. Serglycin was eluted using an eluting
buffer (1 M NaCl, 20 mM Tris, 10 mM EDTA, pH 7.5) and concentrated. Serglycin-enriched fractions
were subsequently concentrated and analyzed for protein concentration using a Coomassie Blue protein
assay (Thermo Scientific, Scoresby, Australia). Glycosaminoglycan concentration was determined
using the Dimethylmethylene Blue assay (DMMB) as previously described [41].

4.4. Glycosaminoglycan Digestion

Samples were digested with 50 mU/mL proteinase-free chondroitinase (C’ase) ABC (EC 4.2.2.4)
purified from Proteus vulgaris in 0.1 M Tris acetate, pH 8 at 37 ◦C for 16 h to confirm the presence of
CS/DS. Samples were digested with 10 mU/mL of heparinase (Hep) III (EC 4.2.2.8) purified from
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Flavobacterium heparinum (Seikagaku Corp., Tokyo, Japan) diluted in 10 mM Tris-HCl, pH 7.4 at 37 ◦C
for 16 h to determine the presence of heparin/HS.

4.5. ELISA

Serglycin-enriched samples (10 μg based on Coomassie protein assay) with and without
glycosaminoglycan lyase digestion were coated onto high-binding 96-well ELISA plates (Greiner,
Frickenhausen, Germany) for 2 h at 25 ◦C. Wells were rinsed twice with Dulbecco’s phosphate-buffered
saline, pH 7.4 (DPBS) followed by blocking with 0.1% (w/v) casein in DPBS for 1 h at 25 ◦C. Wells were
rinsed twice with DPBS with 1% (v/v) Tween 20 (PBST) followed by incubation with primary antibodies
diluted in 0.1% (w/v) casein in DPBS for 2 h at 25 ◦C. Primary antibodies used included a rabbit
polyclonal anti-serglycin antibody (ascites 1:5000), mouse monoclonal anti-4-sulfated chondroitin
sulfate stub antibody (clone 2B6, gift from Prof Bruce Caterson, Cardiff University, conditioned medium
1:1000), mouse monoclonal anti-6-sulfated chondroitin sulfate stub antibody (clone 3B3, gift from Prof
Bruce Caterson, Cardiff University, conditioned medium 1:1000), mouse monoclonal anti-heparan
sulfate stub antibody (clone 3G10, Seikagaku, 1 μg/mL), mouse monoclonal anti-chondroitin sulfate
type A and C antibody (clone CS-56, ascites 1:2500), and mouse monoclonal anti-heparan sulfate
antibody (clone 10E4, Seikagaku Corp., 1 μg/mL). Wells were rinsed twice with PBST, followed by
incubation with biotinylated secondary antibodies (1:1000) diluted in 0.1% (w/v) casein in DPBS for
1 h at 25 ◦C, rinsed twice again with PBST, and then incubated with streptavidin-HRP (1:500) for
30 min at 25 ◦C. Binding of the antibodies to the samples was detected using the colorimetric substrate,
2,2-azinodi-(3-ethylbenzthiazoline sulfonic acid), and absorbance was measured at 405 nm.

4.6. Growth Factor Binding and Signaling of FGF-2

BaF32 cells were derived from an IL-3-dependent and heparan sulfate proteoglycan-deficient
myeloid B cell line that has been stably transfected with fibroblast growth factor receptor (FGFR)
1c [42]. BaF32 cells represent a model system developed to identify heparin/heparan sulfate structures
that interact with FGFs and their receptors. The readout of this assay is cell proliferation which
indicated the formation of ternary complexes on the cell surface between heparin/heparan sulfate,
FGF-2 and FGFR1c. BaF32 cells were maintained in RPMI 1640 medium containing 10% (v/v) FBS,
10% (v/v) WEHI-3BD conditioned medium, 100 μg/mL penicillin, and streptomycin. WEHI-3BD cells
were maintained in RPMI 1640 medium supplemented with 2 g/L sodium bicarbonate, 10% (v/v)
FBS, 100 μg/mL penicillin, and streptomycin, and the conditioned medium was collected three times
per week and stored at −20 ◦C until it was required. For the mitogenic assays, the BaF32 cells were
transferred into IL-3 depleted medium for 24 h prior to experimentation and seeded into 96-well
plates at a density of 2 × 104 cells/well in the presence of medium only, 120 nM heparin, 0.5 μg/mL
serglycin either in the presence or absence of 0.03 nM FGF-2. To analyze the role of the different
glycosaminoglycans that decorated recombinant serglycin, serglycin was also treated with C’ase ABC
and/or HepIII prior to use in the assay. Cells exposed to heparin and FGF-2 were used as a positive
control for the assay, as this combination is known to induce cell proliferation, while cells exposed to
each of the treatments in the absence of FGF-2 were used as a negative control. Background absorbance
readings were also obtained for each of the treatments in the absence of cells. Cells were incubated for
72 h in 5% CO2 at 37 ◦C, and the number of cells present was assessed using the MTS assay. The MTS
reagent (Promega, Madison, WI, USA) was added to the cell cultures 6 h prior to measurement of the
absorbance at 490 nm.
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Abstract: Heparin is widely recognized for its potent anticoagulating effects, but has an additional
wide range of biological properties due to its high negative charge and heterogeneous molecular
structure. This heterogeneity has been one of the factors in motivating the exploration of functional
analogues with a more predictable modification pattern and monosaccharide sequence, that
can aid in elucidating structure-function relationships and further be structurally customized to
fine-tune physical and biological properties toward novel therapeutic applications and biomaterials.
Alginates have been of great interest in biomedicine due to their inherent biocompatibility, gentle
gelling conditions, and structural versatility from chemo-enzymatic engineering, but display
limited interactions with cells and biomolecules that are characteristic of heparin and the other
glycosaminoglycans (GAGs) of the extracellular environment. Here, we review the chemistry and
physical and biological properties of sulfated alginates as structural and functional heparin analogues,
and discuss how they may be utilized in applications where the use of heparin and other sulfated
GAGs is challenging and limited.

Keywords: heparin; alginate; sulfated alginate; biomaterials

1. Introduction

Glycosaminoglycans (GAGs) are a group of negatively charged linear polysaccharides found in
virtually all animal tissues. The majority of GAG subtypes are associated with the plasma membrane
via a protein core, referred to as proteoglycans, and are key components of the extracellular matrix
(ECM) in providing structural support and hydration. The sulfated GAGs have additional vital roles
in the development, maintenance, and pathophysiology of mammalian tissues, and may serve as
receptors, co-receptors, and reservoirs through electrostatic interaction with proteins. Heparin differs
from other GAGs in that it is primarily produced by mast cells, and is released from storage granules
into the extracellular space by exocytosis. Heparin is a potent anticoagulant, and is widely used
in the clinic as an intravenously administered blood thinner and as a coating material for medical
devices. While structurally related to heparan sulfate (HS), heparin undergoes a greater degree of
enzymatic modification during synthesis, resulting in highly diverse biological activities. Heparin has
the highest sulfation degree of the GAGs, and a higher charge density than any known biopolymer,
thus associating with a plethora of proteins including coagulation factors, growth factors, cytokines,
adhesion proteins, and pathogen-related proteins.

The use of heparin for other biomedical applications than anticoagulation is however limited,
partly due to rapid turnover in biological systems and risks of excessive bleeding upon administration.
Heparin has a high degree of heterogeneity in its monosaccharide sequence and modification pattern,
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depending on the source, and has few options for structural customizability. This complicates tuning
of the drug’s efficacy, as well as the characterization of biological activity and structure-function
relationships required for exploring new potential applications. An additional aspect regarding
widespread use of heparin is concerns regarding safety and sustainability in its production, as the most
widely used derivatives of heparin are isolated from animal tissues [1]. For these reasons, over the last
few decades numerous heparin derivatives and analogues from natural sources, chemical synthesis,
and chemical and/or enzymatic functionalization of polysaccharides have been described [2–5]. Some
of the heparin analogues described in the literature aim to emulate the anticoagulant properties of
heparin, to provide more sustainable and safe drug manufacturing and/or allow greater control
over pharmacokinetic and –dynamic properties. Others are directed toward novel pharmaceutical
applications or as components in biomaterials, where the physicochemical properties and highly
specific anticoagulating action of heparin pose limitations.

This review aims to present current knowledge and studies on sulfated alginates as novel heparin
analogues, based on the authors’ own work and the available recent literature. We further wish to
discuss future directions of this research, as well as areas of application where sulfated alginates can
potentially provide a viable alternative to heparin or other sulfated GAGs and derivatives.

1.1. Heparin Molecular Structure and Physical Properties

Heparin and heparan sulfate are synthesized as alternating copolymers of 1�4-linked
N-acetylglucosamine (GlcNAc) and glucuronic acid (GlcA). During synthesis, the nascent chain
is modified by a series of enzymes in the Golgi apparatus, namely N-deacetylase-N-sulfotransferases,
C-5 epimerases, and 2-O, 3-O, and 6-O sulfotransferases [6]. Epimerization of GlcA into iduronic
acid (IdoA) confers structural flexibility to the polysaccharide chains, in that IdoA can assume one
of three stable conformations (4C1, 1C4, or 2S0) depending on the modification pattern and induced
effects upon protein interaction [7]. The expression of tissue-specific isozymes [8,9] and varying
combinations of modifications confer a high degree of structural complexity and variability to heparin
and HS, requiring a great effort for their functional and structural characterization. Heparin has a
higher degree of sulfation and epimerization compared to HS, where the trisulfated disaccharide
IdoA2S-GlcNS6S (Figure 1) constitutes 60–85% of the heparin chain, depending on the source [10,11].
However, there are no repeating sequences in heparin as the trisulfated disaccharides are interspersed
by undersulfated residues of varying lengths. Heparan sulfate exhibits long unmodified regions
between heparin-like motifs with high sulfation and epimerization degrees [12]. Epimerization of
GlcA to IdoA has been demonstrated in vitro, using Glucuronyl C5-epimerase isolated from bovine
tissue and the K5 capsular polysaccharide (GlcA-GlcNAc) [13]. To the authors’ knowledge, only one
prokaryotic GlcA C5-epimerase has been identified and utilized for in vitro epimerization of K5. As the
activity of the enzymes was relatively low, the results indicated that the native substrate differs from
heparin and HS-like polysaccharides [14]. Of note, in vitro epimerization of GlcA is readily reversible,
in contrast to the reaction in vivo due to subsequent O-sulfation following epimerization [13,15].

Commercial heparin is generally classified as unfractionated heparin (UFH, ~15 kDa), low molecular
weight heparin (LMWH, ~6 kDa), or ultra-low molecular weight heparin (ULMWH, <2 kDa), where
the most common ULMWHs are chemically synthesized oligosaccharides including the antithrombin
(AT)-binding region [16]. Whereas chemical synthesis of heparin has had major limitations in terms of
oligosaccharide length, recent advances have demonstrated production of up to 40-mers by iterative
homologation of tetrasaccharides [17]. However, this approach generates repeating sequences, which
are not found in native heparin.
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Figure 1. The prevalent disaccharide structure in heparin.

1.2. Biological Properties of Heparin and Structure-Function Relationships

Heparin has potent anticoagulating properties and has widespread use in the clinic as an intravenously
administered drug and as a coating material on medical devices. Its anticoagulating effect is primarily
mediated by highly specific binding and activation of antithrombin, which in turn inactivates several
proteases of the coagulation cascade, namely thrombin and Factors X, IX, XI, and XII [18].

Furthermore, heparin has demonstrated anti-inflammatory effects, presumably by multiple
functions due to its broad substrate affinity. For instance, heparin has long been known to bind
complement factors, where its anti-coagulating effects can supplement this effect through cross talk
between the complement and coagulation pathways [19,20], as well as pro-inflammatory cytokines [21].
Binding of heparin to these proteins can exert an inhibitory effect through preventing receptor
interaction, conformational changes, or proteolytic cleavage. An additional postulated mechanism is
the binding of heparin to P- and L-selectins, inhibiting interaction with endothelial proteoglycans and
thus adhesion and extravasation of leukocytes [22]. Heparin has also been evaluated as a potential
antiviral drug due to association with viral capsule proteins [23]. Heparan sulfate and other GAGs on
the cell surface can be utilized as a receptor for pathogens initiating adhesion and eventual cell entry,
where soluble heparin can serve as an antagonist [24].

Heparin has been demonstrated to bind a plethora of proteins with varying interaction strengths.
Asides from the well characterized AT interaction, the selectivity of heparin-protein interactions,
and whether specific sequences are “programmed” into the heparin chains, remains a controversial
subject. For a more comprehensive discussion of the topic, the reader is referred to the works
of Lindahl and associates [25,26]. As a relevant point to the present review, it is evident that
variance in monosaccharide sequences and modification patterns can have a large impact on protein
interaction strength, tied to optimal alignment for ionic interactions and van der Waals forces [7].
For example, Hu and co-workers generated a HS disaccharide library, demonstrating that only 4 out
of 48 disaccharides bind fibroblast growth factor-1 (FGF-1) with high affinity [27]. The presence of
IdoA has been demonstrated to be critical for the interaction strength to specific proteins, where
a large degree of chain flexibility can contribute to improved alignment between heparin and the
protein surface, compared to a more rigid polysaccharide with equivalent charge. For example, the 1C4

conformation forms a kink in the heparin/HS chain which greatly enhances FGF interaction, but is
not present in IdoA-containing dermatan sulfate due to the different interspersed monosaccharides
and linkage patterns [28]. Studies have also shown the effect of various sulfation patterns in heparin
on binding to P and L-selectins, revealing that 6-O-sulfation is critical for interaction with both
selectins [29]. Furthermore, LMWH interacts less strongly with selectins compared with UFH,
indicating an additional dependence of chain length, or that critical structural patterns are disrupted
during fragmentation [30]. These examples emphasize that there are additional aspects beyond charge
density that influence the biological activity of sulfated GAGs, which must be addressed in the design
of functional analogues.
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2. Sulfated Alginates

2.1. Properties of Alginate

Alginates, in contrast to GAGs, are produced in brown algae (Pheaophyceae), where they serve as
structural polysaccharides, or in certain genera of gram-negative bacteria (Azotobacter and Pseudomonas sp.)
where alginates as exocellular polysaccharides confer different protective functions and virulence
factors [31]. Still, they share some structural features with heparin and heparin sulfate besides
all being linear uronans. Alginates are copolymers of 1�4-linked β-D-mannuronic acid (M) and
α-L-guluronic acid (G) (Figure 2), which are C-5 epimers of each other, analogous to GlcA and IdoA
in heparin/HS. Moreover, they are arranged in G-and M-blocks of various length interspaced with
regions of alternating sequences (MG-block) akin to the sulfate-, IdoA-rich and undersulfated GlcA-rich
regions(NS and NA domains, respectively) found in heparan sulfate [32]. Alginates form hydrogels
through ionic cross-linking with divalent cations such as calcium, where the gel properties are largely
influenced by the content and length of the G-blocks [33]. Alginate is synthetized as homopolymeric
mannuronan, which in a post-polymerization step is converted into alginate by C-5 epimerization,
similar to the GlcA→IdoA conversion in the biosynthesis of heparin and heparan sulfate. Due to
the action of these post-polymerization epimerases, both GAGs and alginate possess non-random
block sequential structures. Whereas the introduction of IdoA in heparin/HS provides conformational
flexibility significant for protein interactions, the main effect of epimerization in alginates is the
introduction of calcium binding G-blocks responsible for gel formation. The alginate-producing
bacterium Azotobacter vinelandii expresses seven exocellular epimerases (AlgE1-7), which have been
cloned and can be used to engineer alginates with compositionally homogeneous structures not found
in nature [34].

Figure 2. The structures and glycosidic bond conformations of β-D-mannuronic acid and α-L-guluronic
acid in alginates.

Of note, the AlgE4 enzyme can be used to introduce an alternating sequence (poly-MG), similar to the
basic backbone structure of heparin [35]. Enzymatic and chemical modifications of alginates have been
extensively described in previous reviews, illustrating a great structural and functional versatility [36,37].
Alginate has been evaluated for numerous biomedical applications, primarily due to their gentle
gelling conditions, including immunoisolation of cell transplants [38], slow-release systems [39],
in vitro tissue engineering [40], and 3D-bioprinting [41]. Purified alginates are relatively inert toward
cells and biomolecules, providing good biocompatibility but simultaneously discouraging favourable
interactions with cell receptors and vital soluble factors that are characteristic of glycosaminoglycans
in the extracellular matrix. Thus, great efforts have been made to functionalize alginates to provide a
biomimetic environment, while maintaining their biocompatibility and gelling properties. One such
strategy is by chemical sulfation, to emulate the structure of sulfated GAGs.
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2.2. Synthesis and Characterization of Sulfated Alginates

Multiple strategies have been described for chemical sulfation of alginates (Figure 3). Huang
and co-workers first employed chlorosulfonic acid (HClSO3) in formamide, resulting in a reported
degree of sulfation (DS) of approximately 1.2 sulfate groups per monosaccharide. As a means to
reduce the adverse effects from over-sulfation, the sulfated alginates were conjugated with quaternary
amine groups, allowing a controlled reduction of anti-coagulating properties [42]. We found that
the sulfation degree could be reproducibly tuned by varying the chlorosulfonic acid concentration,
but the DS was found to reach a plateau around DS = 1.0–1.2, depending on the monosaccharide
sequence and their relative solubility in acid [43,44]. Sulfation of dextran has been performed using
sulfur trioxide (SO3) in pyridine, which was reported to result in a more homogeneous substitution
compared with the HClSO3/formamide method [45]. This approach was used for alginate by
Mhanna and coworkers, using a tetrabutylammonium (TBA) salt of alginate to increase solubility
in pyridine [46], but was found to have challenges related to reproducibility of the sulfation degree
in following studies. An alternative strategy employs a carbodiimide-H2SO4 intermediate reacting
directly with alginate [47], or via the TBA salt of alginate in DMF [48]. One challenge with the described
methods is the strong acidic conditions used to obtain a high sulfation degree, resulting in partial
depolymerization of high-molecular weight alginates [47], whereas the relatively low solubility of
alginate in acid can reduce reaction reproducibility and throughput. Fan and co-workers reported
a novel strategy for the sulfation of polysaccharides under non-acidic conditions, obtaining a DS of
approximately 2 sulfates/monosaccharide at optimal conditions [49]. Although the authors of this
review were not able to sulfate alginates using the method as described, the procedure could have
a large potential for preventing depolymerization and allowing a DS approaching that of heparin,
if successfully established.

Figure 3. Published methods for chemical sulfation of alginate using different reagents [9,42,46,48].

The molecular structure of sulfated alginates has been characterized primarily by utilizing
Fourier-transform infrared (FTIR) spectroscopy, Nuclear magnetic resonance (NMR), and Mass
spectrometry (MS)-based methods. In the FTIR spectrum, sulfation of the hydroxyl groups in alginate
results in the appearance of a distinct peak corresponding to the symmetric stretching of the S=O
bond [42,48]. However, this method provides little qualitative data and cannot clearly distinguish
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substitution at C-2 from C-3, nor the M from G in alginate. NMR can provide detailed structural data,
but generates highly complicated spectra due to the heterogeneity in the substitution patterns and
monosaccharide sequences of sulfated alginates. We generated alginates with homogeneous sequences
(poly-M, poly-G, and poly-MG) with three specific degrees of sulfation using HClSO3, and employed
various 2D NMR techniques to assign the 1D 13C spectrum and identify the substitution pattern for
the distinct alginate sequences [43,44]. Consistent with previous studies, the sulfation followed a
random substitution pattern, indicated by the increase in spectrum heterogeneity at low sulfation
degrees [43]. Based on the NMR data, no apparent selectivity was found for the substitution of M/G,
or C-2/C-3. This was also found by Zhao and co-workers in an early study on low-molecular weight
sulfated guluronate, by NMR characterization [50]. Following this presumption, the sulfate groups are
evenly distributed along the polysaccharide chains and not organized in domains of varying density
(e.g., following alginate block sequences), in contrast with heparan sulfate [51]. The degree of sulfation
(DS) can thus be expressed as the average number of sulfates per monosaccharide, and determined by
biochemical methods or mass spectrometry-based elemental analysis [44,52].

Chemical sulfation of alginates results in a less heterogeneous substitution pattern compared
with natural heparin and heparan sulfate, as the sulfate groups are presumably equally distributed
between C-2 and C-3 of the mannuronic acid and guluronic acid moieties. This provides as mentioned
a relatively homogeneous charge distribution along the polysaccharide chain, which can contribute to
the study of structure-function relationships while reducing batch-to-batch variability. The published
methods demonstrate limitations in terms of sulfation degree, as the substitution is restricted to the
free hydroxyl group, while di-sulfated monosaccharides are presumably discouraged from steric
effects. The different substitution pattern and lower charge density of sulfated alginates can in
turn lead to more transient protein interactions, or the utilization of alternative interaction sites
compared with heparin/HS. Additional strategies for C-6 sulfation can therefore be explored to
emulate highly sulfated moieties [53]. Furthermore, monosaccharide-specific sulfation of alginate
would carry a substantial benefit, as sulfation of primarily mannuronic acid would allow unimpaired
cross-linking of guluronic acid blocks and a vast improvement in sulfated alginate gel strength and
stability. This is, however, yet to be demonstrated, as there are great challenges in discerning between
the monosaccharides chemically.

2.3. Chemical and Physical Properties of Sulfated Alginates

Introduction of a charged and relatively bulky substituent notably alters the chemical structure of
alginates, which is of great relevance to their inherent properties in solution and in ionically-crosslinked
hydrogels. Steric hindrance reduces rotation around the glycosidic bond, conferring a more extended
and rigid conformation in polysaccharides [54]. The sulfate groups can further promote intramolecular
charge repulsion, although this effect is reduced by the presence of sodium counter ions similarly to
the carboxyl groups of alginate and is presumably negligible compared with steric effects. The precise
effect of sulfation on alginate conformation in solution remains to be elucidated, and can be approached
utilizing homogeneous sequences of alginates that have previously been studied in terms of chain
extension and bond rotation [55]. The stiffness of the polysaccharide chain can influence interaction
strengths with proteins, and thus the biological properties of the polysaccharides.

Sulfation generally has a deteriorating effect on the gelling ability of alginates, where the
resulting gels have a lower stiffness and increased rate of swelling and destabilization compared
with unmodified alginate [46,56]. Negatively charged sulfate groups associate with divalent cations,
but disrupt the long G-blocks that are responsible for the cooperative binding of ions and forming of
cross-linking junction zones in the gel network, as described in the “egg-box” model [57]. In a recent
study, we characterized gels made exclusively from sulfated alginates with varying sulfation degrees,
as well as the effect of combining highly sulfated alginate (DS = 1) in unmodified alginate gels at
various proportions. Sulfated alginate alone (150 kDa) was found to form stabile gels with calcium
up to a sulfation degree of approximately 0.4, whereas increasing the sulfation level required either
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the inclusion of unmodified alginate or utilization of gelling ions with a higher affinity for alginate
(e.g., barium, strontium) [58]. An alternative strategy that has not yet been explored to the authors’
knowledge is covalent cross-linking between sulfated alginates, or to unmodified alginates, which can
be a feasible approach where a higher gel stiffness is required. As highly sulfated alginates presumably
only form transient cross-links within the hydrogel matrix, they diffuse out in the surrounding medium
upon swelling of the gels at a higher rate than unmodified alginate, particularly at low molecular
weight. Interestingly, a low amount (20%) of S-Alg mixed with unmodified alginate consistently
demonstrated decreased stiffness but a lower swelling potential in saline than the alginate control,
potentially due to a higher charge density, retention of gelling ions slowing the exchange with Na+,
and osmotic influx of water [58].

The use of heparin analogues in hydrogels are of great interest for encapsulation of cells and
proteins (e.g., in tissue engineering). Sulfated alginates demonstrate great potential with its inherent
gelling capability and has, similarly to native alginate, a great versatility in properties and gelling
conditions to allow the tuning of hydrogel characteristics toward specific applications. These include
enzymatic engineering to increase gel strength [34], and the utilization of alternative cross-linking
ions [59] and gelling techniques, for example, CaCl2 for immediate gelling versus CaCO3 and
glucono-δ-lactone GDL for a gradual release of calcium in injectable solutions and in situ gelation [60].

2.4. Effects of Sulfated Alginates on the Coagulation Cascade

As heparin is most widely known and used due to its potent anticoagulating properties, it is of
great interest to investigate whether similar effects can be achieved utilizing the structurally analogous
sulfated alginates. Huang and co-workers studied the activated partial thrombosis time (APTT),
thrombin time (TT), and prothrombin time (PT) in plasma, using sulfated algal alginates with an
approximate DS of 1.0 sulfate per monosaccharide. Although heparin was not included as a control in
the present study, sulfated alginates prolonged the APTT with increasing treatment concentrations
while showing no significant effects on the TT and PT [42]. Conversely, Ma and co-workers showed
a pronounced elevation of the TT increasing with the sulfation degree and concentration of sulfated
alginate, whereas no comparison with heparin was made. The authors further demonstrated a
procedure for coating a polyethersulfone membrane with sulfated alginate, resulting in prolonged
coagulation compared with the non-coated membrane [47]. By hydrolysis and separation, Li and
co-workers prepared low-molecular weight (6–7 kDa) alginates enriched in mannuronic acid or
guluronic acid, and studied the anticoagulating effects of their sulfated derivatives. Similarly to
the study by Huang, SA was found to increase the APTT compared to the saline control and the
non-sulfated alginates, whereas a two- and eight-fold greater effect was observed for LMWH and
heparin, respectively, at similar concentrations [61]. The results indicate that sulfated alginates may
inhibit the extrinsic coagulation pathway through binding and sequestration and/or prevention of
protease activity of upstream factors, but are unable to bind antithrombin selectively to inhibit tissue
factor (TF)-mediated activation of Factor X, and thrombin. Lacking AT activation was also evident
from the TT test where sulfated alginate was unable to prolong coagulation time in the presence of
excess thrombin. Heparin does not deactivate TF directly in vivo, but induces secretion of an inhibitor
(TFPI) from endothelial cells, resulting in a less pronounced effect on the PT in vitro [62]. To the
authors’ knowledge, the release of TF has not been demonstrated for sulfated alginates or similar
heparin analogues in in vivo models.

The mechanism behind the observed anticoagulating effects of sulfated alginates are still not clear,
whereas the presented research does not strongly support the specific antithrombin activation that is
characteristic of heparin. Presumably, the sulfated alginates non-specifically bind multiple coagulation
factors, having a partial antagonizing or deactivating effect on the proteases or indirectly through other
regulatory proteins (Figure 4). Alternatively, interaction outside the active sites may lead to aggregation
and sequestration of precursors such as fibrinogen, as proposed for other heparin mimetics [63]. As the
sulfated alginates were postulated to have a greater influence on the intrinsic coagulation pathway [42],

62



Molecules 2017, 22, 778

interaction studies with individual coagulation factors can help further elucidate their effect on the
coagulation cascade, by indicating whether the interactions are largely non-specific or if there is a
selectivity for certain factors. Furthermore, platelet aggregation and activation are vital steps within the
coagulation cascade, and should be studied for hydrogels or surface coatings of sulfated alginates to
evaluate if they exhibit effects similar to heparin and other well-characterized heparin analogues [5,64].

Figure 4. Postulated effect of sulfated alginates on the coagulation cascade resulting in prolonged
coagulation time [42,47,49,50,61].

2.5. Immunological Effects of Sulfated Alginates

The mechanisms behind the anti-inflammatory properties of heparin and similar sulfated
polysaccharides are still not fully understood. Several studies demonstrate interactions with cytokines,
chemokines, growth factors, and signalling cascade factors, potentially resulting in altered protein
half-life, sequestration of ligands from their receptors, and/or prevention of proteolytic cleavage
or conformational changes in proteins. The cellular response to inflammation can also be affected
more directly by heparin, through association with adhesion proteins that mediate extravasation of
leukocytes across the endothelium [29].

To study the anti-inflammatory properties of sulfated alginates, we employed two different
model systems, where multiple anti-inflammatory effects were observed (Figure 5). In the first
study, sulfated alginates were incorporated in alginate microspheres either as a secondary coat on
polycation-coated microcapsules or mixed with non-sulfated alginate in uncoated microspheres,
followed by incubation in whole human blood anti-coagulated with lepirudin [65]. Microspheres with
sulfated alginates were found to attenuate the inflammatory response, by lowering the expression
of several inflammatory cytokines, including interleukin (IL)-1β, TNF, and IL-8. The sulfated
alginate gels were found to inhibit the complement cascade in blood, as well as in plasma in soluble
form [44], indicating direct interaction with complement factors as previously demonstrated for
heparin [19,66]. Sequestration of complement factors prevents assembly of the convertases and
terminal complement complex, whereas we additionally demonstrated interaction between sulfated
alginates and complement inhibitory Factor H, which can contribute to suppression of the complement
cascade on microsphere surfaces [65]. Lastly, there is significant cross talk between the coagulation and
complement cascades [20,67], where the previously described anticoagulating activities of sulfated
alginates can have an indirect influence on the inflammatory response. Sulfated alginates were further
found to reduce integrin alpha M (ITGAM/CD11b) expression on leukocytes, which can be attributed
to indirect effects from sequestration of cytokines and complement factors. In the second study,
human chondrocytes were encapsulated in alginate or sulfated alginate gels, prior to inflammatory
induction with IL-1β. Chondrocytes in sulfated alginate gels demonstrated lowered expression of
inflammatory and catabolic markers, as well as reduced nuclear factor-kappa b NF-κB and p38-mitogen
activated protein kinase (MAPK)-mediated signaling compared with the alginate controls. Sulfated
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alginate was found to bind IL-1β, presumably sequestering the cytokines in the gel matrix and
preventing induction of the encapsulated cells [58]. Similarly, Freeman and co-workers demonstrated
binding to IL-6, further indicating that sulfated alginates can regulate cytokine activity as well as their
expression [48]. Inhibition of cytokine activity through binding can appear to contradict with the
potentiating effect of binding growth factors, and will depend on whether the interaction sites between
sulfated alginates and proteins interfere with receptor binding, or if there is a co-receptor functionality
as previously established for heparan sulfate and FGF [68]. Heparin has previously been demonstrated
to inhibit leukocyte activity through associating with L- and P-selectins [22], which has not yet been
demonstrated for sulfated alginates, but can potentially reveal additional anti-inflammatory effects
in alternative model systems. As a model for chronic inflammation, Zhao and co-workers studied
granuloma formation in rats, and found that ingested sulfated guluronate reduced the size of the
granuloma [50]. The mechanisms behind this effect are still unclear, and sulfated alginates may act on
multiple levels such as inflammation and coagulation pathways, and adhesion molecules [69,70].

Figure 5. Anti-inflammatory effects of sulfated alginates from whole blood and cell culture models [58,65].

2.6. Sulfated Alginates in Tissue Engineering and Drug Delivery

The use of heparin and other GAGs in biomaterials intended for long-term implantation is
limited partly due to their rapid turnover in vivo. The exploration of more stable analogues has
therefore been encouraged for a range of applications in tissue engineering and encapsulation of
therapeutics. Cohen and co-workers initially reported sulfated alginates to associate with multiple
heparin-binding growth factors, highlighting their potential to serve as a reservoir and a slow-release
system for growth factors toward tissue cultivation and drug delivery [48]. Sulfated alginate hydrogels
loaded with growth factors were further found to promote angiogenesis and blood perfusion in
animal tissues, and have been formulated as injectable solutions for gelation in situ [71,72]. In a
separate study, heterogeneous hydrogels with layered organization of specific growth factors were
found to support compartmentalized differentiation of mesenchymal stem cells into osteoblasts and
chondrocytes [73]. In a recent study, Ruvinov and colleagues proposed a model where the multiple
heparin-binding proteins and sulfated alginate chains spontaneously assemble into nanoparticles with
a fiber-like structure and a net negative surface charge, which can subsequently be immobilized
in injectable hydrogels such as unmodified alginates or various nanoparticle formulations [74].
This demonstrates a great potential and versatility for formulating hydrogel- and nanoparticle-based
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delivery of heparin-binding proteins, whereas modifications to the structure and sequence of the
sulfated alginates can additionally contribute to the release rate by tuning the interaction strength with
various proteins [43,44]. In addition to providing prolonged delivery of growth factors through their
associative retention, the binding of sulfated alginate has been demonstrated to protect the proteins
from proteolytic cleavage by trypsin [74], which is one of the postulated effects of heparin and other
sulfated glycosaminoglycans in regulating cell signaling.

Zenobi-Wong and colleagues initially employed sulfated alginate hydrogels for the cultivation of
cartilage, and found that the gels promoted proliferation and prolonged viability of the chondrocytes
(Figure 6). Furthermore, the sulfated alginates were able to sustain the cartilaginous phenotype over
long culture times, demonstrated by a high degree of collagen 2 expression and repressed collagen
1 expression [46]. The inductive effect on chondrocyte proliferation was attenuated by blocking
beta1 integrins, indicating that the sulfated alginates interact (presumably indirectly) with integrins
and potentially other adhesion proteins on the cell surface to support anchorage and migration.
The chondrogenic effects were additionally related to a high degree of FGF retention in the hydrogels,
where the sulfated alginates are proposed to act as a co-receptor to the cellular FGF receptor, analogous
to heparan sulfate in vivo [56]. This was indicated by the ability of sulfated alginates to restore
FGF-mediated proliferation of HS-deficient BaF3 cells [56], and was later reproduced by Li and
co-workers utilizing additional growth factors and different sequences of sulfated alginate [61]. Due to
their beneficial effects on chondrocyte proliferation and phenotype maintenance, sulfated alginates
have further been evaluated as a component in bioinks for 3D-bioprinting, including nanocellulose
fibers to retain the shape of printed structures prior to ionic crosslinking [75].

Figure 6. Sulfated alginates bind multiple growth factors [48], and have an inductive effect in chondrocyte
cultivation [46,56,58].

Whereas the degradation of sulfated alginates has not yet been studied in vivo, alginates are not
depolymerized by any known enzyme in mammals. Sulfated alginates may thus provide more stable
hydrogels for long-term implants, where alteration of the sulfation degree, monosaccharide sequence,
and gelling conditions can tune properties such as swelling and porosity, degradability, and retention
of matrix-binding proteins. Despite a low inflammatory response from the innate immune system,
in vivo experiments in certain rat models and primates have uncovered a fibrotic reaction to pure
alginate implants, which will presumably occur in human subjects as well and impair the function
of the hydrogels and encapsulated cells. As elaborated in the previous section, sulfated alginates
show potent anti-inflammatory properties, which can reduce immunological rejection and fibrosis
toward long-term implants and potentially overcome these challenges with alginate-based biomaterials.
The encapsulation of cells in biomimetic matrices is a highly relevant approach for generating more
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advanced in vitro tissue models, and for clinical tissue engineering including matrix-assisted cell
implantation and injectable matrices such as supporting scaffolds for tissue repair [76,77].

2.7. Structure-Function Relationships in Sulfated Alginates

The conformations of M and G are 4C1 and 1C4, respectively, with glycosidic bonds that are
di-equatorial, di-axial, or equatorial-axial for MM, GG, and MG, resulting in varying orientations of
the sulfated C2 and C3 hydroxyl groups (Figure 2). The sequences vary in their extension and rigidity,
where the GG sequences have a more compact conformation with higher charge density per unit
length compared with MM. The MG sequence was initially demonstrated by Smidsrød and colleagues
to have a more flexible backbone compared with MM and GG [55], which is also supported by its
higher solubility in water at low pH [78]. Similar to heparin, structural and conformational properties,
alongside the negative charge density, can influence the interaction strength between sulfated alginates
and proteins, emphasizing the importance of characterizing structure-function relationships.

Oligosaccharides of sulfated alginates have been utilized to study the minimal degree of
polymerization (DP) required for binding to proteins. In one of our studies using a sulfated alternating
alginate sequence (S-MG, DS~0.9), a minimum length of 8-mer was required for significant interaction
with HGF, whereas 14-mers approached the interaction strength of poly-S-MG (DP = 80) and LMWH.
For FGF-2, a low degree of interaction was observed for 6-mers of S-MG, whereas the 14-mers did not
show the efficacy of poly-SMG. Overall, the S-MG samples showed a lower degree of interaction with
FGF-2 compared with HGF, and did not approach the efficacy of heparin. Liu and co-workers prepared
and sulfated (DS~1.5) M-rich oligosaccharides obtained from hydrolysis and separation of algal
alginate, and studied the binding interaction to HIV envelope protein gp120, as a potential anti-HIV
therapy. It was demonstrated that a minimal length of an 8-mer was required for interaction, whereas
multivalent interactions were observed for >15–16 mers as well as a higher binding affinity compared
with heparin [79]. As alginates can be reproducibly hydrolysed and separated into low-disperse
fractions based on size and monosaccharide composition, optimizing the molecular weight of samples
can potentially contribute to reducing adverse effects in therapeutic applications, similarly to the use
of UFH/LMWH/ULMWH.

To assess the impact of the alginate monosaccharide sequence, we initially utilized homogeneous
sequences (poly-M, poly-G, and poly-MG) of sulfated alginates with similar sulfation degrees and
analysed the interaction with HGF [44]. Here, it was found that at high sulfation degrees (DS~1) the
efficacy of the varying sequences was similar, whereas at intermediate sulfation degrees (DS~0.5) the
interaction strength increased in the order of poly-M < poly-G < poly-MG. This points towards an
influence of chain flexibility as the highly sulfated alginates are presumed to display a more rigid
conformation, thus reducing the effect of backbone flexibility in the unmodified alginate sequences. To
further investigate the effect of chain flexibility, we performed a periodate oxidation of sulfated poly-M
alginates, causing hexuronic ring opening in non-sulfated monosaccharides and an introduction of
flexible junction zones [43]. This resulted in increased interaction strength with HGF and FGF-2,
correlated with the oxidation degree of the sulfated alginates. The importance of chain flexibility
is expected to vary between proteins of different sizes and surface patterns of basic amino acid
residues. It was discovered that sulfated poly-M alginates interacted more strongly to FGF-2 than the
sulfated poly-MG alginates, while periodate oxidation had a smaller impact on interaction strength
compared with that for HGF, indicating that the monosaccharide structure and charge orientation
contributes to interaction strength alongside chain flexibility. This was again demonstrated by Li
and co-workers, who found that sulfated G-rich oligosaccharides were more effective that M-rich
oligosaccharides at prolonging coagulation time, and at mediating FGF-8 signalling in BaF3 cell
cultures [61]. As over-sulfated alginates may exert a high degree of non-specific and potential
adverse effects, chemo-enzymatic engineering of the backbone may provide a versatile tool to improve
interaction strengths and potentially confer increased ligand selectivity compared to sulfation alone,
similarly to the role of IdoA in heparin and heparan sulfate.
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3. Conclusions and Future Directions

From the present status of knowledge, sulfated alginates show in particular promise for cell
immobilization and tissue engineering applications, as presented through the works of Zenobi-Wong
and Cohen with their respective groups. The sulfated alginates act as analogues of cell surface GAGs
in mediating growth factor signalling, while creating a biomimetic physical environment for the
proliferation and migration of cells, extracellular matrix deposition, and tissue maturation. Similarly,
the sulfated alginate matrix may provide a reservoir for growth factors, where the affinity toward
specific growth factors may be altered through chemo-enzymatic engineering of the alginate, for a
tuned and sustained delivery to tissues. There have further been demonstrated anti-inflammatory
properties in sulfated alginates, which can aid in matrix-assisted cell- and tissue transplantations by
suppressing pro-catabolic and inflammatory responses from surrounding tissues and in encapsulated
cells. However, additional in vivo studies to assess gel stability, immunological and fibrotic responses,
and implant survival are required. Non-coagulating heparins have previously been evaluated for
anti-inflammatory and anti-cancer therapeutics, highlighting an additional potential application for
heparin analogues with customizable pharmacokinetic and -dynamic properties in treating acute and
chronic inflammatory conditions.

Several studies on sulfated alginates have focused on their anti-coagulant properties. However,
there are no clear indications of specific antithrombin activation, where substantially higher
concentrations of sulfated alginates are required to approach the efficacy of heparin. While
sequences of sulfated alginate with a higher affinity for antithrombin can potentially be generated
through chemo-enzymatic engineering, emulation of the specific heparin pentasaccharide may prove
challenging. As an intravenously administered drug with rapid onset, heparin benefits from a short
half-life. Sulfated alginates are presumably eliminated through renal excretion alone, which is a slower
mechanism compared to depolymerization, where extended activity may lead to a severe drop in
blood pressure and additional adverse effects. The use of sulfated alginates as anticoagulants can
therefore show greater promise as a coating for medical devices and biomaterials, where a high surface
stability is desirable and the additional anti-inflammatory effects can potentially reduce fibrosis or
immunological rejection of implanted devices or materials.

Chemical sulfation of alginates allows for the simple and reproducible synthesis of heparin-like
molecules in large batches and at low cost. However, much work remains to explore novel strategies
for milder and more selective syntheses, to further characterize and understand their interaction with
heparin-binding proteins, and to evaluate the potential of sulfated alginates toward novel biomedical
applications. Compared to GAGs and other heparin analogues, the utility of sulfated alginates is
tied to their gelling capability and their structural customizability, allowing tuning of physical and
biological properties, and bioavailability. The majority of studies have employed commercial algal
alginates and have performed sulfation of C2 and C3, whereas exploring non-conventional sequence
patterns (alternative sources, enzymatic engineering), novel sulfation strategies (M/G preference,
C6-sulfation), and conjugation to other functional groups can provide new properties and potentially
improved selectivity of protein interactions. Ideally, a sulfated alginate oligosaccharide library with
defined modification patterns can be established and applied to gain a deeper understanding of
their structure-function relationships. In conclusion, sulfated alginates have unique characteristics
as heparin analogues, and while they are relatively unstudied, they demonstrate a wide range of
biological properties and a structural versatility that can provide novel biomedical applications and a
deeper understanding of the biological functions of sulfated glycosaminoglycans.
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Abstract: Recently, solid lipid nanoparticles (SLNs) have attracted increasing attention owing to their
potential as an oral delivery system, promoting intestinal absorption in the lymphatic circulation
which plays a role in disseminating metastatic cancer cells and infectious agents throughout the
body. SLN features can be exploited for the oral delivery of theranostics. Therefore, the aim of this
work was to design and characterise self-assembled lipid nanoparticles (SALNs) to encapsulate and
stabilise iron oxide nanoparticles non-covalently coated with heparin (Fe@hepa) as a model of a
theranostic tool. SALNs were characterised for physico-chemical properties (particle size, surface
charge, encapsulation efficiency, in vitro stability, and heparin leakage), as well as in vitro cytotoxicity
by methyl thiazole tetrazolium (MTT) assay and cell internalisation in CaCo-2, a cell line model used
as an indirect indication of intestinal lymphatic absorption. SALNs of about 180 nm, which are stable
in suspension and have a high encapsulation efficiency (>90%) were obtained. SALNs were able to
stabilise the heparin coating of Fe@hepa, which are typically unstable in physiological environments.
Moreover, SALNs–Fe@hepa showed no cytotoxicity, although their ability to be internalised into
CaCo-2 cells was highlighted by confocal microscopy analysis. Therefore, the results indicated that
SALNs can be considered as a promising tool to orally deliver theranostic Fe@hepa into the lymphatic
circulation, although further in vivo studies are needed to comprehend further potential applications.

Keywords: theranostics; solid lipid nanoparticles; iron oxide nanoparticles; heparin coating; intestinal
lymphatic absorption

1. Introduction

Currently, oral delivery is the most accepted route of drug administration, even though it is
associated with poor drug bioavailability. One of the most promising strategies to overcome these
limitations is the use of nanomedicine or nano-drug delivery systems [1]. As an example, solid
lipid nanoparticles (SLNs) have attracted increasing attention owing to their biocompatibility and
biodegradability. SLNs are composed of lipids in a solid state at room temperature and surfactants.
They are produced using hot or cold homogenisation without the employment of organic solvents and
generally have low production costs. SLNs offer advantages such as good tolerability, high oral drug
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bioavailability and low acute and chronic toxicity [2,3]. Moreover, being composed of lipids, SLNs
have shown good potential in achieving drug delivery into the systemic circulation through intestinal
lymphatic absorption [4–6]. After oral administration, small and hydrophilic substances enter in the
systemic circulation by a passive absorption mechanism through enterocytes. On the contrary, large
and lipophilic compounds with a logP ≥ 5 (where P is the octanol/water partition coefficient), such as
components of SLNs, are metabolically stable (in the intestinal lumen and within enterocytes) and can
be considered good candidates for lymphatic transport to the systemic circulation [7]. Drug adsorption
via the intestinal lymphatic system has several major advantages, including circumventing first-pass
metabolism and targeting drugs to diseases that spread through the lymphatic system. For example,
cancer cells use the lymph nodes as a reservoir to spread to the other areas of the body [8].

The main ways to deliver drugs to intestinal lymphatic vessels are through lymphatic capillaries,
gut-associated lymphoid follicles that form Peyer’s patch, and finally the intestinal walls via
transcellular absorption. This last route is the lymphatic target of lipid-based nanoformulations
because during transit across the enterocyte the lipids become associated with chylomicrons which are
secreted into the mesenteric lymph duct [9–12].

SLNs have to satisfy certain requirements to achieve lymphatic delivery. It was observed
that the uptake and fate of SLNs are influenced by particle size, surface hydrophobicity, type of
lipids, and concentration of the emulsifier [1,6,13]. Also, the surface charge plays an important role:
negatively-charged carriers have been reported to show higher lymphatic uptake than neutral or
positively-charged particles [1,9,14]. SLNs promote lymphatic absorption and can also be exploited for
theranostic purposes, which to the best of our knowledge, have not been extensively investigated [15].
Theranostics is the fusion of therapeutic and diagnostic approaches aiming to personalise and
advance medicine. Magnetic nanoparticles (MNPs) represent a particularly appropriate tool based
on their ability to be simultaneously functionalised and guided by external magnetic fields [16].
Some MNPs-based therapeutic applications include magnetic fluid hyperthermia (MFH), magnetic
resonance imaging (MRI) and magnetic drug targeting [17,18]. In this field, iron oxide (Fe3O4) MNPs
provide a unique nanoplatform with tunable sizes and surface chemistry studied extensively for
MRI and MFH applications [19]. Without a coating, MNPs have hydrophobic surfaces with a high
area to volume ratio and a propensity to agglomerate. An appropriate surface coating allows MNPs
to be and remain homogenously dispersed for longer times. Several materials have been used to
modify the surface of MNPs, such as organic polymers (dextran, chitosan, polyethylene glycol),
organic surfactants (sodium oleate and dodecylamine), and metals [16]. Vismara et al. proposed
the use of heparin as a non-covalent coating for iron oxide nanoparticles (Fe@hepa) [20]. Heparin,
a natural polysaccharide with many bioactive properties, is a heterogeneous, polydispersed, highly
sulphated glycosaminoglycan composed of 1 → 4 linked disaccharide repeating units. Each unit
consists of an α-D-glucosamine and either a hexuronic acid, α-L-idruronic or β-D-glucoronicacid unit,
with O-sulphate groups at different positions of the disaccharide. Various studies have demonstrated
that heparin and low-molecular-weight heparins, in addition to having anticoagulant properties, are
anti-angiogenic agents and can be used as vectors to reach tumour sites due to their ability to bind
over-expressed proteins [21–23]. Thanks to these features, the heparin coating specifically directs iron
oxide nanoparticles to tumour environments in order to accomplish the theranostic aim. Moreover,
Vismara et al. demonstrated an increased stability in a water suspension of Fe@hepa nanoparticles with
respect to naked iron oxide by conferring a negative charge due to the heparin coating [20]. However,
the heparin surface shell is instable in physiologic environment where the presence of ions reduces the
strength of the electrostatic bond between the positive iron oxide core and the negative heparin chain.

Therefore, the purpose of the present work was to design a nano-theranostic tool based on
Fe@hepa nanoparticles for oral absorption through the lymphatic route. To the best of our knowledge,
in the theranostic field poor attention has been addressed to the study of this promising approach. In
order to stabilise the heparin coating in physiological environments, and at the same time promote oral
absorption through the lymphatic route, Fe@hepa were encapsulated in a biocompatible solid lipid
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shell to obtain self-assembled lipid nanoparticles (SALNs). SALNs were obtained by self-emulsification
process and were characterised with regard to their size, encapsulation efficiency, in vitro cytotoxicity
and ability to be internalised into the CaCo-2 cell line (colon rectal adenocarcinoma cell line of human
origin) used as a model for an indirect indication of lymphatic uptake.

2. Results

2.1. SALN Characterisation

By using the original self-emulsification process, two SALNs–Fe@hepa samples were developed
using 1 or 5 mg of Fe@hepa (namely SALNs–Fe@hepa1 and SALNs–Fe@hepa5, respectively).
The particle size, polydispersity index (PDI) and Z-potential values obtained with photon correlation
spectroscopy (PCS) analysis are shown in Table 1. No differences in the particle size nor in the PDI
values were observed, regardless of the amount of Fe@hepa used (all the samples were roughly of
180 nm with a PDI of 0.3), while the negative charge of the particle surface (Z-potential value) increased
with the increase of the initial amount of Fe@hepa utilised in the preparation. The particle size was
monitored for one month and no significant changes were observed (data not shown). The size and the
Z-potential of naked Fe@hepa were previously reported [20] and were 92 nm and −61 mV, respectively.

Table 1. Size, polydispersity index (PDI) and Z-potential values of loaded and unloaded self-assembled
lipid nanoparticles (SALNs). Fe@hepa1: iron oxide nanoparticles non-covalently coated with heparin
(1 mg); Fe@hepa5: iron oxide nanoparticles non-covalently coated with heparin (5 mg).

Sample Size (nm) PDI Z-Potential (mV)

Unloaded SALNs 182 ± 15 0.295 ± 0.015 −16.4 ± 4.7
SALNs–Fe@hepa1 183 ± 18 0.278 ± 0.008 −15.5 ± 5.8
SALNs–Fe@hepa5 186 ± 21 0.364 ± 0.013 −24.0 ± 5.5

2.2. Morphological Studies

Morphological characterisation of the samples was performed using the scanning electron
microscopy analysis (SEM modality) to visualise the particles in solid form, while the scanning
transmission electron microscopy analysis (STEM modality) was used to observe the samples as
suspension. Both the analyses were performed in high-vacuum conditions. Figure 1A shows, as an
example, the image of SALNs–Fe@hepa1 at high magnification (100,000×) using the SEM technique.
Even if SALNs appear aggregated in clusters, each single particle can be clearly recognised as a distinct
solid structure with a roughly spherical morphology.

By STEM modality (Figure 1B), unloaded SALNs in suspension are hardly detectable due to their
intrinsically low electron density that limits the resolution. However, even if the particles appear as
weak-contrast dark formations, their imperfectly spherical morphology is easily observable.

Figure 1C,D shows the STEM images of loaded particles (SALNs–Fe@hepa5). At low
magnification (Figure 1C), SALNs–Fe@hepa5 appear irregular in the shape, as observed also for
the unloaded particles, but with a darker inner structure. The high-contrast dark part in the core region
of each particle can be assigned to the Fe@hepa clusters, while the clear part surrounding the core
regions can be attributable to the lipid shell. At high magnification (Figure 1D) one single particle
with a rough contour is observed. Within the particle, even if not perfectly in the centre, dark small
dots, due to clusters of Fe@hepa nanoparticles, are clearly visible. The clusters appear surrounded by
a weak-contrast dark part attributable to the lipid matrix, according to the images of the unloaded
sample (Figure 1B). The particle sizes of SALNs–Fe@hepa5 as well as of the Fe@hepa nanoparticles are
also consistent with PCS analysis results reported in Table 1 and in previous studies [20], respectively.

To confirm the composition of the particles observed by the electron microscopy analysis, the
qualitative energy dispersive X-ray (EDX) analysis was performed by the single-point method. A single
loaded nanoparticle, as observed in the image reported in Figure 1D, was analysed in comparison with
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an individual unloaded nanoparticle and the qualitative composition was reported in the EDX spectra
representing the plots of X-ray counts vs. elements. In spectrum relating to SALNs–Fe@hepa, the peak
of iron is clearly visible (Figure 2A), while it is absent in unloaded particles (Figure 2B), confirming the
presence of Fe@hepa into the loaded SALNs. In the spectra, the presence of Al and Si are probably due
to the support used for the analyses.

Figure 1. (A) SEM microphotograph of SALNs–Fe@hepa1 at high magnification (100,000×); (B)
Representative scanning transmission electron microscopy (STEM) image of unloaded SALNs; (C)
Representative STEM image of SALNs–Fe@hepa5 at low magnification (60,000×); (D) Representative
STEM image of SALNs–Fe@hepa5 at high magnification (400,000×).

Figure 2. Energy dispersive X-ray (EDX) spectra referred to SALNs–Fe@hepa5 (A) and unloaded
SALNs (B).
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2.3. Drug Loading and Encapsulation Efficiency

The amount of Fe@hepa loaded inside SALNs was calculated by indirect method, i.e., analysing
the non-encapsulated amount of Fe@hepa. No significant differences are observed in the encapsulation
efficiency (EE%) between the samples (p > 0.05), while the drug loading (DL) increases five-fold in
SALNs-Fe@hepa5 (p < 0.001) (Table 2).

Table 2. Encapsulation efficiency (EE%) and drug loading (DL) of SALNs–Fe@hepa.

Sample EE% DL (μg Fe@hepa/mg SALNs-Fe@hepa)

SALNs–Fe@hepa1 86.6 ± 2.76 5.14 ± 0.01
SALNs–Fe@hepa5 91.5 ± 3.09 26.38 ± 0.70

2.4. In Vitro SALNs-Fe@hepa Stability

In order to verify the retention of Fe@hepa in SALNs stored as suspension at 4 ◦C, the spontaneous
Fe@hepa sedimentation from SALNs–Fe@hepa was monitored for both the samples for one month
after the preparation (t0). At predetermined time interval, the amount of Fe@hepa separated from
the suspension was measured by spectrophotometric method. These data were subtracted from the
initial Fe@hepa loading and the results are reported in the graph (Figure 3). The data indicate that
SALNs–Fe@hepa5 are more stable compared to the SALNs–Fe@hepa1. Indeed, for this sample, after
4 days, the loss of the cargo was only 4% compared to the initial content, indicating a good stability
of the system. Then, a very slow sedimentation rate of free Fe@hepa is observed in the remaining
time until a total loss of 6%. On the contrary, SALNs–Fe@hepa1 appeared quite instable in suspension,
showing a fast initial loss of cargo corresponding to about 11% in 4 days followed by a slower phase
of Fe@hepa release up to a total loss of 20% in one month. Therefore, given the weak stability in
suspension of SALNs–Fe@hepa1, this sample was not taken into account in the further experiments.

Figure 3. Percentage of Fe@hepa released from SALNs-Fe@hepa1 and SALNs–Fe@hepa5 stored as a
suspension at 4 ◦C for one month, where 100% corresponds to initial SALNs–Fe@hepa drug loading.
Error bars indicate standard deviation (SD); where not visible, error bars did not exceed symbol size.

2.5. Stabilisation of Heparin Coating

In order to evaluate if the encapsulation of the Fe@hepa into SALNs was able to stabilise the
heparin coating, the leakage of heparin form both naked Fe@hepa and SALNs-Fe@hepa5 was measured
in physiologic solution (NaCl 0.9%). Indeed, the heparin shell is stable in water [20] but in the presence
of saline medium the interaction between heparin and iron oxide became weaker, resulting in the
release of heparin and in the loss of stability of the colloidal suspension [24]. Therefore, to measure
the stability of the coating, experimental conditions with minimal perturbation (saline solution) were
considered and the amount of heparin released after only 1 h at room temperature was evaluated.
As reported in Table 3, in the case of naked Fe@hepa, as expected, a leakage of about 70% of the initial
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amount of heparin occurred while in the case of the SALNs–Fe@hepa5 no release of heparin in solution
was observed in the time period considered.

Table 3. Evaluation of the amount of heparin released in saline solution from SALNs–Fe@hepa5 and
naked Fe@hepa.

Sample
Mass of Fe@hepa

(μg)
Initial Amount of Heparin

in Fe@hepa (μg)
% of Heparin Released

in NaCl 0.9%

SALNs–Fe@hepa5 810 72.9 0
Fe@hepa 620 55.8 72

2.6. Cytotoxicity Assay

In order to determine the in vitro cytotoxicity of SALNs–Fe@hepa5 compared to naked Fe@hepa
and unloaded SALNs, the methyl thiazole tetrazolium test (MTT) was performed on the intestinal
CaCo-2 cell line after different incubation times (2, 4, and 6 h). For each time, various concentrations of
SALNs (0.8, 1.2, 1.6, 2 mg/mL) and the respective amount of Fe@hepa (21, 32, 42, 53 μg/mL) were
tested and the results are reported in Figure 4. The cytotoxicity of Fe@hepa is always higher than that of
the other samples, but the cellular viability never dropped below 74%. Unloaded SALNs show a higher
cell viability with respect to the control, while SALNs–Fe@hepa5 show a cell viability intermediate
between the other two samples. However, significant differences are evident only within unloaded
SALNs and the other two samples at the concentration of 2 mg/mL after 2 and 4 h of treatment.

Figure 4. Analyses of cytotoxicity of the samples at different concentrations on CaCo-2 cells (colon
rectal adenocarcinoma cell line of human origin) after 2 (a), 4 (b) and 6 h (c) of treatment, using methyl
thiazole tetrazolium test (MTT) assay. SALN concentrations of 0.8, 1.2, 1.6, 2 mg/mL correspond to
21, 32, 42, 53 μg/mL of naked Fe@hepa, respectively. Comparison between samples was performed
by ANOVA one-way test. Statistical significance levels were defined as: * (p < 0.05), *** (p < 0.001).
Error bars indicate SD; where not visible, error bars did not exceed symbol size.

2.7. Quantification of SALNs–Fe@hepa in the CaCo-2 Cell Line

Considering the results obtained from the study of cytotoxicity, the concentration of SALNs
equal to 2 mg/mL (corresponding to 53 μg/mL of Fe@hepa) is considered optimal to study the
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internalisation of the systems in the CaCo-2 cell line, a colorectal cell line adopted as a model for
lymphatic absorption [10,25].

Cells were preventively incubated for 2, 4 and 6 h with naked Fe@hepa and SALNs–Fe@hepa5,
washed with phosphate buffer saline (PBS) and then lysated.

The percentages of iron oxide found in the cell lysate respect to the amount used for the incubation
are shown in Figure 5. After two hours of incubation, the percentage of iron oxide present into cell
lysate was the same for both the samples (naked Fe@hepa and SALNs–Fe@hepa5). For the other
incubation times, iron oxide in cell lysate resulted higher after the treatment with naked Fe@hepa.
Moreover, a time-dependent correlation can be noticed: the amount of iron oxide increases with the
increasing incubation time. Significant differences can be observed between the samples after 4 and 6
h of incubation (p < 0.05).

Figure 5. Quantification of iron oxide in CaCo-2 cells after 2, 4 and 6 h of treatment with
SALNs–Fe@hepa5 at the concentration of 2 mg/mL (corresponding to 53 μg/mL of Fe@hepa) and
naked Fe@hepa at the concentration of 53 μg/mL. A comparison between samples was performed by
ANOVA one-way test. Statistical significance levels were defined as: * (p < 0.05).

In order to visualise the internalisation of the sample in the CaCo-2 cell model (Figure 6), confocal
laser scanning microscopy analysis was performed. Cellular nuclei were stained in blue, SALNs were
labelled in red, while Fe@hepa, owing to their density, were visible as black spots in white-light channel.

 

Figure 6. Confocal microscopy image of CaCo-2 cells after nuclei staining with Hoechst.
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CaCo-2 cells were treated with Nile red-labelled unloaded SALNs, Nile red-labelled
SALNs–Fe@hepa5 and naked Fe@hepa. Figure 7A shows CaCo-2 cells incubated with Fe@hepa.
Black spots with different sizes, attributed to clusters of iron oxide nanoparticles, are visible near the
cytoplasm but clearly in a different z-thickness compared to the nuclei.

Figure 7. (A) Confocal microscopy images of CaCo-2 cells after nuclei staining and 4 h incubation with
naked Fe@hepa. From left to right: blue channel (Hoechst), white-light channel and merged image.
(B) Confocal microscopy images of CaCo-2 cells after nuclei staining and 4 h of incubation with Nile
red-labelled unloaded SALNs. From left to right: blue channel (Hoechst), red channel (Nile red) and
merged image.

After incubation with Nile red-labelled unloaded SALNs (Figure 7B), red fluorescence is noticeable
around the nuclei of CaCo-2 cells. Red spots are attributable to Nile red-labelled SALNs because no
red fluorescence is observed in untreated CaCo-2 cells (Figure 6). The image clearly indicates that
SALNs are localised inside the cells because the red fluorescence is located in the area surrounding the
nuclei correspondent to the cytoplasm.

After treatment with Nile red-labelled SALNs-Fe@hepa5 (Figure 8), in addition to red spots, it
is possible to appreciate, in a white-light channel, a grey shading around the nuclei where also red
fluorescence is located. Moreover, black spots attributable to Fe@hepa clusters are clearly visible
externally to cells revealing the presence of non-encapsulated Fe@hepa, which have tendency to form
clusters outside the cells.

Figure 8. Confocal microscopy images of CaCo-2 cells after nuclei staining and 4 h of incubation with
Nile red-labelled SALNs-Fe@hepa5. From left to right: blue channel (Hoechst), red channel (Nile red),
white-light channel and merged image.
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3. Discussion

Iron oxide nanoparticles have attracted considerable interest due to their superparamagnetic
properties and their potential biomedical applications. The dimensions of these nanoparticles make
them ideal candidates for nano-engineering of surfaces to develop non-toxic and biocompatible
nanoparticles. Moreover, different coating materials can prevent their irreversible aggregation in
aqueous or biological media [26]. Vismara et al. proposed heparin coating as an attractive strategy
to achieve a theranostic aim exploiting anti-angiogenic activity of native heparin [20]. However, this
coating is instable in physiological conditions. The goal of this work was to stabilise Fe@hepa by
encapsulation in SALNs, envisaging an oral absorption through a lymphatic route.

SALNs are biocompatible, biodegradable, and can be used as controlled drug delivery and
targeting system. Owing to their composition, SALNs possess a structure very similar to that of
glyceride-rich chylomicrons which are believed to allow lymphatic transport of drugs into the intestinal
lymphatic circulation [27].

It is known that lipid nanoparticles based on triglycerides with a high carbon chain length
are less susceptible to intestinal lipase than those composed of a shorter carbon chain and are
preferably transported into the intestinal lymphatic system [11,25,28]. For this reason, Geleol™ and
Gelucire 50/13® high carbon chain length lipids, both generally recognised as safe and biocompatible
materials (manufacturer’s information), were selected as the lipid matrix for the SALN preparation.
Moreover, these lipids have a low melting point, avoiding the risk of degradation of the drug during
the preparation. Gelucire 50/13® is composed of mono-, di-, and triglycerides with mono- and
di-fatty acid esters of polyethylene glycol (PEG). Owing to the composition, it exhibits surfactant and
solubility enhancing properties that can be exploited to better incorporate lipophilic compounds and
to stabilise the lipid nanosystem [29,30]. Moreover, it has been demonstrated that Gelucire® decreases
P-glycoprotein efflux, making it a good candidate to gain lymphatic uptake [31,32].

After different formulation attempts, the preparation was optimised to achieve a reproducible
and stable colloidal suspension without an observed particle dimensional change when Fe@hepa
were encapsulated in the lipid matrix. The average diameter (around 180 nm) and the lipid nature
of the particles make this system potentially suitable for intestinal lymphatic uptake associated with
chylomicrons synthesised within enterocytes [1,6]. Alternatively, large molecular weight drug-carrier
constructs may be selectively taken up intact via the lymphatic system because their large size favours
uptake via the leakier structure of the lymphatic vessels, as compared to blood capillaries [33]. The size
of the particles suitable for this pathway is a controversial matter [34]. However, it is recognised that
the minute size of this formulation enables efficient uptake into the intestine, particularly via the
lymphatic route, favoured by particles between 20 and 500 nm in diameter [9].

Regarding the zeta potential, unloaded SALNs measured slightly negative (−16 mV), and became
progressively more negative with increasing amounts of Fe@hepa. Considering that Fe@hepa are
strongly negative (about −61 mV) due to the presence of heparin coating, the more negative surface
charge observed for SALNs–Fe@hepa with respect to unloaded SALNs can be attributable to a portion
of Fe@hepa next to the SALN surface as observed in the STEM pictures (Figure 1C,D).

Morphological studies were performed to better understand the nanoparticle structure.
The images obtained by SEM modality on the dried samples confirmed that the structure of the system
is solid due to the lipid core made of solid components (Gelucire 50/13® and Geleol™), as can be seen
in Figure 1A. However, the SEM modality does not allow the observation of particle contour due to the
poor resolution under low-voltage operating conditions (5 kV). Thus, pictures of SALNs in suspension
were obtained in STEM modality, highlighting a rough surface structure probably due to the presence
of a mixture of the two lipids in the particle matrix. In Figure 1D, at high magnification, it is possible to
observe black spots, attributable to Fe@hepa. The clusters of Fe@hepa appear surrounded by the lipid
matrix and the presence of Fe@hepa nanoparticles located in a peripheral position in the SALNs are
also visible (Figure 1C,D). The presence of Fe@hepa close to the surface of the particles might explain
the negative Z-potential value noticed for SALNs–Fe@hepa5. In addition, this finding is in agreement
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with EDX analysis that shows the superficial elemental composition of the particles. Indeed, EDX
study shows the clear presence of iron in the spectrum of SALNs-Fe@hepa (Figure 2A) while no iron
signal is evident in the spectrum of unloaded SALNs. On the other hand, the incorporation of Fe@hepa
into the lipid matrix, as observed by electronic microscopy, should lead to a stabilisation of the heparin
coating. To confirm if this goal was achieved, the release of heparin from the system in physiologic
solution was evaluated comparing naked Fe@hepa and SALNs–Fe@hepa. The results (Table 3) show
that no heparin was released from the SALNs–Fe@hepa sample, indicating that the encapsulation of
Fe@hepa inside SALNs is a good strategy to avoid the loss of heparin coating occurring for the naked
Fe@hepa. Indeed, heparin, selected as an iron oxide coating for its antiangiogenic features in tumour
environments [21–23], is linked to the particle surface by ionic bonds between the positive iron oxide
core and its negative chain. Therefore, Fe@hepa are destabilised in biological isotonic fluid where the
electrostatic interaction between iron oxide and heparin become weaker. On the other hand, when
Fe@hepa are surrounded by lipid matrix, the interaction with the biological fluids is avoided and no
leakage of heparin occurs.

To better understand the potential of Fe@hepa–loaded SALNs, the particles were prepared using
two different dosages (1 or 5 mg). The analyses indicate that in both SALNs–Fe@hepa samples the
percentage of Fe@hepa incorporated is around 90%. This means that, increasing the initial loading,
the encapsulation efficiency remains stable, suggesting that using only 1 mg of Fe@hepa the loading
capacity of the lipid system was far from saturation. As evidence of this, increasing the initial amount
of drug by five-fold, the loading increases proportionally from 5.14 μg/mg to 26.4 μg/mg (Table 2).
However, during storage it was possible to notice a progressive sediment of Fe@hepa, indicating
a probable desorption of Fe@hepa nanoparticles from the system. For this reason, the stability of
SALNs–Fe@hepa samples was monitored for one month after the preparation (Figure 3). The data
indicated that during one month, the higher loaded sample (SALNs–Fe@hepa5) was by far more
stable than the less loaded sample (SALNs–Fe@hepa1). It can be assumed that in both the cases, the
initial rapid loss of cargo is probably due to Fe@hepa non-embedded inside the lipid matrix or highly
dispersed in the suspension. Afterwards, a release of Fe@hepa with a slower rate was observed; this
was attributed to a leakage of Fe@hepa owing to its high density and to the magnetic forces between
iron oxide nanoparticles. The results indicate clearly that the loss of Fe@hepa was larger for the lower
loaded sample (SALNs–Fe@hepa1). To explain this finding, it can be assumed that when high amounts
of Fe@hepa are embedded in the lipid matrix, the forces of attraction within Fe@hepa clusters are
prevalent, stabilising the cargo. On the contrary, when poor amounts of Fe@hepa are loaded, the
forces of attraction of the clusters inside the particles are weaker in respect to the attraction of the
non-embedded particles, leading to a progressive leakage of the cargo. For this reason, all subsequent
studies on cells were conducted using only the most loaded and stable sample (SALNs–Fe@hepa5).

The MTT assay on CaCo-2 cells was performed after different times of exposure (2, 4, 6 h)
to compare the cytotoxicity induced by unloaded SALNs, naked Fe@hepa, and SALNs–Fe@hepa5.
The CaCo-2 cell line was used because it has been reported to be an indirect indication of intestinal
lymphatic transport [10,25]. The results of the analyses indicated that the lipids used to develop
SALNs are not toxic but, on the contrary, they seem to improve the cell viability as the percentage of
cell vitality observed after the treatment with unloaded SALNs resulted equal to or higher than the
control (Figure 4). Only a slight cytotoxicity was observed for naked Fe@hepa since cell viability, at the
experimental conditions adopted, never dropped below 74% compared to the control. Cytotoxicity
studies reported in the literature and conducted on naked iron oxide nanoparticles demonstrated
that these systems induce a reduction of cell viability depending on their coating, time of exposure,
concentrations and cell type evaluated [35–37]. Thus, the results obtained in this work demonstrated
that the coating with heparin allows biocompatible and non-toxic nanoparticles to be obtained. The
cytotoxicity of SALNs–Fe@hepa falls in the middle between that of unloaded SALNs and Fe@hepa
at all concentrations and incubation times considered, probably because the partial negative effects
of Fe@hepa are compensated by the positive effect of unloaded SALNs. Therefore, it is possible to
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conclude that all the samples, at all the concentrations tested, do not exhibit toxicity on CaCo-2 cell
model and the results indicate that the cytotoxicity is neither time- nor concentration-dependent.
For this reason, to carry out the studies regarding the ability of the particles to enter the CaCo2
cells, the highest concentration (cell viability more than 80%) has been selected and therefore all the
experiments were conducted using the concentration of 2 mg/mL.

The ability of the particles to enter in CaCo-2 cells was evaluated by measuring the amount of iron
transported in the cells by the two systems (Fe@hepa and SALNs-Fe@hepa5). The results (Figure 5)
indicated that the amount of iron found in the cells was higher for the cells incubated with naked
Fe@hepa respect to cells incubated with SALNs–Fe@hepa, especially for longer incubation times.
These findings seem to be in contrary to expectations because in the literature SALNs resulted able
to improve the internalisation of drugs thanks to their composition [4–6]. However, it is important
to notice that the higher percentage of iron found in the cells treated with Fe@hepa might be due to
the precipitation of naked iron oxide on the bottom of the wells, because of the loss of the heparin
coating in biological fluids. Indeed, during the experiments, it was observed that in the case of cells
treated with naked Fe@hepa, dark spots attributable to iron remained attached to the well bottom,
even after the washing with PBS (see Section 4.11). On the contrary, in the case of cells incubated
with SALNs–Fe@hepa5, the non-internalised particles were easily removed with washing owing to
the low density of their lipid composition. As a result, in the case of cells treated with Fe@hepa an
overestimation of Fe@hepa associated with the cells might have occurred.

In order to support this assumption, confocal laser scanning microscopy analysis was performed
using Nile red as a probe to visualise SALNs in the red channel, while no probe was used for Fe@hepa
since their clusters appeared as dark spots by observation in white-light channel. Observing the cells
treated with Fe@hepa, the dark spots attributed to the Fe@hepa clusters seem to be localised in a
different z-thickness compared to nuclei, indicating that they were not internalised by CaCo-2 cells
(Figure 7A). This observation indicated that iron clusters had not entered the cells, giving evidence of
the overestimation of Fe@hepa associated with the cells. On the contrary, both unloaded SALNs and
SALNs–Fe@hepa5 seem to be internalised in the cells because a slight red fluorescence is noticeable
around the nuclei, highlighting that the particles were localised in the cytoplasm. However, the iron
particles embedded in the SALNs were not visible, probably owing to their small dimension even
thought they could be considered responsible of the grey shading visible around the nuclei (Figure 8).
On the other hand, regarding the black spots visible outside the cells in the image of cells incubated
with SALNs–Fe@hepa, they could be attributable to Fe@hepa not embedded in the lipid matrix but
only absorbed on the surface or highly dispersed in the suspension according to what was observed in
the in vitro stability studies (Figure 7).

4. Materials and Methods

4.1. Chemicals

Geleol™ (Glycerol Monostearate 40–55, type I) and Gelucire 50/13® Pellets (Stearoyl Macrogol-32
Glycerides) were a kind gift from Gattefossè (Saint-Priest, France). Fe@hepa (containing 9% w/w
of heparin) were provided by the laboratory of Prof. E. Vismara and synthesised as previously
described [20]. Azure II and Nile red were purchased from Sigma-Aldrich Italia (Milan, Italy).
Potassium thiocyanate was purchased from Carlo Erba Reagenti (Milan, Italy). Hoechst 33342 stain
was purchased from ThermoFisher (Monza, Italy). Dulbecco’s Modified Eagle’s Medium with high
glucose (DMEM), L-glutamine, fetal bovine serum (FBS), penicillin–streptomycin (P/S), phosphate
buffer saline (PBS), sodium pyruvate and other culture reagents were purchased from EuroClone
(Milan, Italy).

A MilliQ water system (Millipore; Bedford, MA, USA) provided high purity water (18.2 MΩ) for
these experiments.

All other chemical reagents were obtained commercially as reagent-grade products.
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4.2. SALN Formulation

SALNs were obtained by a self-assembling process using an original technique in which no
organic solvents were employed (Figure 9). Briefly, a mixture of Geleol:Gelucire 1:1 w/w was melted
at 65 ◦C after the addition of 50 μL of MilliQ water containing Fe@hepa (1 or 5 mg) and emulsified
by ultrasound energy (Vibra-Cell, Sonic & Materials, Inc. 53 Church Hill Road, Newton, CT, USA) at
10 output Watt for 30 s. This water/oil (W/O) dispersion was rapidly solidified in ice bath and then
added to 15 mL of MilliQ water, previously heated at 65 ◦C. To obtain the SALNs, the dispersion was
homogenized for 3 min at 24,000 rpm by Ultra Turrax (T-25 basic IkaLabortecnik, Staufen, Germany)
and then cooled in ice for about 10 min to allow the SALN solidification. SALNs–Fe@hepa were purified
by centrifugation at 2000 rpm for 5 min at 20 ◦C (Rotina 380R, Hettich, Kirchlengern, Germany) to
remove the non-encapsulated Fe@hepa. The purified suspensions of SALNs were stored at +4 ◦C.
Unloaded SALNs were obtained omitting the addition of Fe@hepa in the 50 μL of MilliQ water,
while labelled SALNs for cell internalisation studies were obtained by adding Nile red (0.01%) in the
melted Geleol™.

Figure 9. Scheme of self-assembling process used for SALN formulation.

4.3. SALN Characterisation

SALN size and polydispersity index (PDI) were determined by photon correlation spectroscopy
(PCS) technique using a Zetasizer Nano ZS analyser system (Zetasizer version 6.12; Malvern
Instruments, Worcs, UK). The results were expressed as the average of three different measurements.

Particle surface charge (Z-Potential value) was measured by using the same apparatus, equipped
with a 4 mW He–Ne laser (633 nm) and DTS software (Version 5.0, Malvern Instruments, Worcs, UK).
Measurements were performed in triplicate and each measurement was averaged over at least 12 runs.

4.4. Morphological Studies

SALN morphological features were analysed by field-emission gun scanning electron microscopy
(SEM-FEG, Nova 11 NanoSEM 450, Fei, Eindhoven, The Netherlands) using both the SEM and the
TEM mode. For the SEM mode, a few drops of the SALNs suspension were placed on an aluminum
stub (TAAB Laboratories Equipment Ltd., Aldermaston, Berks, UK) covered by a double side sticky
tab (TAAB Laboratories Equipment Ltd., Aldermaston, Berks, UK) and, after drying, vacuum coated
with gold–palladium in an argon atmosphere for 60 s (Sputter Coater Emitech K550, Emitech LTD,
Ashford, Kent, UK).

83



Molecules 2017, 22, 963

For the TEM mode a STEM detector characterised by a low voltage electron beam (30 kV) was
employed. TEM 200 mesh Formvar/Carbor Coppergrids (TAAB Laboratories Equipment Ltd., Berks,
UK) were immersed in SALNs diluted suspension (1:10 v/v in water) and dried at room conditions
(25 ◦C, 760 mmHg) before the analysis.

Elemental composition of Fe@hepa loaded or unloaded SALNs was determined by energy
disperse X-ray (EDX) analysis with X-EDS Bruker QUANTAX-200 (Bruker Nano GmbH, Berlin,
Germany) coupled with SEM-FEG. Elements can be identified qualitatively and semi-quantitatively as
a function of the X-ray energy emitted by their electrons transferring from a higher energy shell to
a lower energy one. The X-ray emissions from the Kα or Lα levels were measured for the following
atoms: oxygen (Kα = 0.525 keV), carbon (Kα = 0.277 keV), silicon (Kα = 1.740 keV), aluminium
(Kα = 1.487 keV) and iron (Kα = 6.404 keV, Lα = 0.705 keV).

4.5. Drug Loading and Encapsulation Efficiency

The determination of Fe@hepa loaded in SALNs was performed by indirect method analysing
the amount of non-encapsulated Fe@hepa by a spectrophotometric method based on the formation of
highly-coloured complexes iron-thiocyanate ion.

Briefly, after obtaining SALNs, the separation of the non-encapsulated Fe@hepa (free Fe@hepa)
was carried out by centrifugation (see Section 4.2). The pellet was re-suspended in 200 μL of milliQ
water and digested in 1 mL of HCl 37% w/w for 2 h at 60 ◦C. Subsequently, 1.5 mL of 0.1 M solution
of potassium thiocyanate (KSCN) was added to form the red-coloured [FeKSCN]2+ iron complex.
The amount of free Fe@hepa was determined by recording absorbance at 480 nm (Lambda 35 UV/VIS,
Perkin-Elmer, Norwalk, CT, USA). The standard calibration curve for iron complex was performed
under identical conditions with known amounts of naked Fe@hepa and using KSCN and HCl solution
as blank [38].

The encapsulation efficiency (EE%) and drug loading (DL μg/mg) were calculated by using the
following equations:

EE% =
initial Fe@hepa(mg)− free Fe@hepa determined(mg)

initial Fe@hepa(mg)
× 100

DL
(

μg
mg

)
=

encapsulated Fe@hepa(μg)
total mass of SALNs composition(mg)(lipids and Fe@hepa)

where encapsulated Fe@hepa were calculated by subtracting the amount of free Fe@hepa determined
from the initial amount added to the preparation. The experiments were conducted in triplicate and
the results were expressed as average ± standard deviation (SD).

4.6. In Vitro SALNs-Fe@hepa Stability

In order to evaluate the in vitro stability of SALNs–Fe@hepa, the amount of Fe@hepa separated
gradually at 4 ◦C for one month by spontaneous precipitation was quantified.

Practically at predetermined intervals (2, 4, 6, 8, 10, 20 and 30 days), the pellet deposited at the
bottom of the vials of the SALNs-Fe@hepa suspension was determined. The pellet was recovered,
re-suspended in 200 μL of milliQ water and digested in 1 mL of HCl 37% w/w for 2 h at 60 ◦C.
After that, the solution was analysed to determine the amount of iron in accordance with the method
described above. The analyses were performed in triplicate.

4.7. Stability of Heparin Coating

In order to analyse the stability of the heparin coating in Fe@hepa before and after the formation of
SALNs, the amount of heparin released in saline solution from naked Fe@hepa and SALNs–Fe@hepa
was evaluated.
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Briefly, a known amount of sample was incubated under magnetic stirring in 0.9% NaCl water
solution at 37 ◦C for 1 h. Then, the suspension was centrifuged for 25 min at 9500 rpm at room
temperature (Rotina 380R) in order to separate nanoparticles (naked Fe@hepa or SALNs–Fe@hepa)
from the supernatant. The amount of heparin released in the supernatant was determined by using
a modified Azure II colorimetric method [39]. Typically, aliquots (500 μL) of aqueous solution were
reacted with 4.5 mL of the Azure solution (0.01 mg/mL) and assayed at 654 nm by vis-spectroscopy
(Lambda 35 UV/VIS). Quantification was achieved by comparing the absorbance of the samples to a
regression curve determined from medium spiked with increasing amount of heparin. The experiments
were conducted in triplicate.

4.8. In Vitro Nile Red Release

Nile red released from SALNs was evaluated during 24 h. Labelled SALNs (40 mg) were incubated
at 37 ◦C in 40 mL of phosphate buffer (20 mM, pH 7.4) or DMEM added with serum, under magnetic
stirring. One millilitre of SALNs suspension was withdrawn from the system at time intervals of 30 min
and replaced with 1 ml of fresh solvent to maintain constant volume. The sample was centrifuged at
9500 rpm for 25 min and Nile red content was determined in the supernatant by vis-spectroscopy at
525 nm. The analysis was performed in triplicate.

4.9. Cell Culture

CaCo-2 cell line were cultured as a monolayer in Dulbecco’s Modified Eagle’s Medium with
high glucose (DMEM) containing L-glutamine 2 mM, penicillin 100 UI/mL, streptomycin 100 μg/mL,
sodium pyruvate and 10% of fetal bovine serum (FBS) at 37 ◦C in a humidified atmosphere (5% CO2).
Cells were sub-cultured when the confluence was ≥80%.

4.10. Cytotoxicity Assay

CaCo-2 cells were seeded at a density of 60,000 cells/well in 24-well plate in complete DMEM
medium for 48 h. Cells were then treated with Fe@hepa, unloaded SALNs and SALNs–Fe@hepa
samples at different concentrations (0.8, 1.2, 1.6 and 2 mg/mL for SALNs, and respective Fe@hepa
concentrations) for 2, 4, and 6 h.

After incubation times the methyl thiazole tetrazolium test (MTT) was performed to assess cell
viability. Optical densities were measured spectrophotometrically at 570 nm with a multiplate reader
(TecanGenios Pro with Magellan 6 software). Cell viability was expressed as a percentage of cell
survival respect to the control (untreated cells).

The experiment was performed in triplicate.

4.11. Quantification of SALNs–Fe@hepa on CaCo-2 Cell Model

The amount of Fe@hepa up-taken by the CaCo-2 cells after treatment with Fe@hepa and
SALNs–Fe@hepa at different incubation times was quantified by adapting a method previously
reported [40]. Cells were seeded in 6-well plate at density of 250,000 cells per well in complete DMEM
medium for 48 h. Then, cells were incubated with 2 mg/mL of SALNs–Fe@hepa and a proportional
amount of naked Fe@hepa (53 μg/mL) for 2, 4 and 6 h. At the end of the incubation time, cells were
washed with PBS and the amount of iron associated to the cells was quantified using the method
described in Section 4.5. The experiments were performed in triplicate. In order to compensate the
matrix effect, the calibration curve for iron quantification was prepared incubating different known
amounts of Fe@hepa in the presence of unloaded SALNs into CaCo-2 cells.

4.12. CLSM Studies of Monolayers

The confocal laser scanning microscopy (CLSM) of fixed cells was performed with a Leica DM
IRE2 microscope (Mannheim, Germany) and a Leica Confocal System equipped with a scanner
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multiband 3-channel Leica TCS SP2 with AOBS, laser diode blue COH (405 nm/25 mW), laser Ar
(458 nm/5 mW) (476 nm/5 mW) (488 nm/20 mW) (496 nm/5 mW) (514 nm/20 mW), laser HeNe
(543 nm/1.2 mW), laser HeNe (594 nm) (orange) and laser HeNe (633 nm/102 mW). CaCo-2 cells,
seeded at a density of 100,000 cells per well in a chambered coverglass (Lab-Tek®, Thermo-scientific,
Milan, Italy), were incubated with naked Fe@hepa (53 μg/mL), Nile red-labelled unloaded SALNs
(2 mg/mL), and Nile red-labelled SALN–Fe@hepa (2 mg/mL). After 4 h of incubation, the treated cells
were washed twice with PBS, fixed in paraformaldehyde (3% w/v) for 20 min at room temperature,
stained with 2 μg/mL Hoechst 33342 dye and analysed with CLSM.

4.13. Statistical Analysis

Statistical analysis was performed using the one-way analysis of variance (ANOVA). The data are
represented as mean ± SD. Difference was considered statistically significant at p-values less than 0.05.

5. Conclusions

In this work it was demonstrated that SALNs are an efficient carrier for Fe@hepa, reducing
their cytoxicity to CaCo-2 cells and overcoming the loss of heparin coating in biological fluids.
SALNs–Fe@hepa resulted able to be efficiently internalised in CaCo-2 cells, and were demonstrated
to be a promising tool for delivering the theranostic Fe@hepa to lymphatic circulation by the oral
route, although further studies are needed to comprehend the potential in vivo applications. Moreover,
it would be interesting in the future to replace native heparin with low-molecular-weight heparins,
which showed a less anticoagulant activity while maintaining antiangiogenic activity, in order to
reduce risks of bleeding.
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Abstract: Super paramagnetic iron oxide nanoparticles (SPION) were augmented by both hyaluronic
acid (HA) and bovine serum albumin (BSA), each covalently conjugated to dopamine (DA) enabling
their anchoring to the SPION. HA and BSA were found to simultaneously serve as stabilizing
polymers of Fe3O4·DA-BSA/HA in water. Fe3O4·DA-BSA/HA efficiently entrapped and released
the hydrophobic cytotoxic drug paclitaxel (PTX). The relative amount of HA and BSA modulates
not only the total solubility but also the paramagnetic relaxation properties of the preparation. The
entrapping of PTX did not influence the paramagnetic relaxation properties of Fe3O4·DA-BSA. Thus,
by tuning the surface structure and loading, we can tune the theranostic properties of the system.

Keywords: super paramagnetic iron oxide nanoparticles (SPION); hyaluronic acid (HA); bovine
serum albumin (BSA); Fe3O4·DA-BSA/HA; paclitaxel (PTX); magnetic resonance imaging (MRI)

1. Introduction

Nanotechnology has opened the way to an incredibly high number of new composite materials.
As part of the growing field of nanomedicine [1], composite nanoscale biomaterials are based on
assembling nanoparticles with biomolecules. The palette of available nanoparticles is large and
matched by an equally large number of biomolecules [2]. Iron oxide nanoparticles are among the most
extensively studied types of nanoparticles (NPs) [3]. Superparamagnetic iron oxides nanoparticles
(SPIONs), composed by magnetite (Fe3O4) or maghemite (γ-Fe2O3), have been explored in view of
their potentiality in biomedical applications [4]. In fact, a key advantage of iron oxide nanoparticles in
comparison to other heavy metal-based NPs is their natural integration into tissue physiology. They can
be part of superparamagnetic materials, whose suspensions are generally referred to as ferrofluids,
clinically investigated as MRI contrast agents [5,6]. An overview has been published both on the
many possibilities to prepare SPIONs suitable for enhancing with biomolecules and for potentially
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engineering for biomedical applications [7]. The authors of reference [8] have already described
the logic of SPION-developed biomedical applications in recent years. SPION-appropriate surface
coatings can be studied for various biomedical applications, such as magnetic resonance imaging,
hyperthermia, drug delivery, tissue repair, cell and tissue targeting, and transfection. Development
of coated and loaded SPIONs is a promising theranostic approach. In fact, following a quite similar
approach, we pursued multitasking nanostructures—using cyclodextrin as a vector of antitumor
drugs and low molecular weight heparins, covalently linked to cyclodextrin—that were thought to
target the nanostructures to the tumor mass, according to heparanase and growth factors inhibition
mechanisms [9]. We then progressed to iron oxide and heparin-based materials to introduce the
diagnostic functionality [10,11]. Since 2005, magnetic NPs have been considered of great interest
for biomedical applications, and, among them, iron oxide NPs have been considered the more
promising [12]. Additionally, depending on particle size, positive or negative contrast agents can be
prepared [13,14]. Even though SPIONs have been clinically approved metal oxide NPs, the potential
toxicity of SPION has been thoroughly investigated [14]. Although there is no intrinsic risk associated
with SPION per se, adverse biological effects and safety issues could be associated with specific
SPIONs. Ref. [15] argues about issues that need be addressed by the scientific community prior to
approving their clinical use. We already cited that SPION-appropriate surface coatings divert SPION
towards different biomedical applications. In advance, SPION coating has been used to modulate
their biocompatibility and to reduce their toxicity. This is the case of Bovine Serum Albumin (BSA)
protein [16]. The same authors from Reference [16] are working today on human serum albumin, for
better biocompatibility, thus supporting the crucial role that protein corona can play [17].

The common challenge of engineered SPION for biomedical applications is that the material used
for surface coating of the magnetic particles must not only be nontoxic and biocompatible but also
enable selective targeted delivery of the particles to the location of the disease. Passive targeting of
long circulating nanoparticles via the enhanced permeability and retention (EPR) effect is one of the
mechanisms by which such coated nanoparticles can reach solid tumors. Decoration of engineered
magnetic nanoparticles with targeting molecules that selectively bind to target proteins overexpressed
on the target cells could significantly enhance the selectivity of their targeting to these cells [18,19].
Magnetic nanoparticles can deliver drugs and an external magnetic field can be applied to guide
them to the target site. Different polymers/molecules have been used for nanoparticle coating to
stabilize the suspensions of magnetic nanoparticles under in vitro and in vivo situation and selected
proteins/targeting ligands have been used for derivatizing magnetic nanoparticles. It is noteworthy
that magnetic drug targeting employing nanoparticles as carriers is a promising cancer theranostic
treatment, avoiding the side effects of conventional chemotherapy [3]. Molecular imaging is one
of the most promising applications of targeted iron oxide nanoparticles, and various applications
using targeted iron oxide nanoparticles have been evaluated in vitro and in animal experiments [20].
Looking forward, the fact that targeted superparamagnetic iron oxide nanoparticles can be used for
early detection of cancer has to be considered a plus [21]. On the other hand, the challenges associated
with penetration of nanoparticles across cell and tissue barriers have been recently reviewed [22].
Therefore, current understanding led us to the conclusion that the combination of a diagnostic imaging
aid along with a targeted therapeutic compound loaded onto the same NP systems is a promising
route of drug delivery.

The challenge of our study was to design and build new theranostic SPION systems starting from
a magnetic iron oxide core decorated with bovine serum albumin (BSA) and hyaluronic acid (HA),
where each component was selected to play its peculiar role and where the SPION systems could
include paclitaxel (PTX) as a drug. Hyaluronic acid (HA) is a natural linear anionic glycosaminoglycan
(molecular weight (MW) 5–104 kDa), composed of repeating disaccharide units of D-glucuronic acid
and N-acetyl-D-glucosamine linked via alternating β-1,4 and β-1,3 glycosidic bonds. Owing to its
biocompatibility and biodegradability, HA has been extensively investigated for medical applications.
In particular, HA can specifically bind to various cancer cells that overexpress CD44 receptors.
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In this regard, different considerations concerning the utile length of HA oligomers must be reported.
Selecting HA oligosaccharides long enough to bind to more than one CD44 receptor but too short to
bind to the hyaluronic acid receptor for endocytosis (HARE) receptors in the liver (preferably <10 kDa)
may enable the formation of an HA-based CD44-targeted carrier that avoids hepatic elimination while
achieving tumor targeting [23]. Recently, this enhanced tumor-targeting ability as well as higher
therapeutic efficacy compared to free anti-cancer agents has been reported [24]. Therefore, several
HA-conjugates containing anticancer agents (such as paclitaxel or doxorubicin) have already been
designed [25]. Over the years, ever new functions of the CD44 protein have been found, but the main
one for our purposes is the recognition of hyaluronic acid as a component of the extracellular matrix in
particular areas, such as embryonic connective tissues and the outline of invasive cancerous lesions.
Most HA-drug conjugates have been developed for cancer chemotherapy as macromolecular prodrugs.
HA has also been conjugated onto various drug-loaded nanoparticles for use as a targeting moiety.
Hyaluronic acid was bound to the initially dextran-coated SPIONs by esterification [26].

Bovine serum albumin (BSA) protein was used to improve the colloidal stability of the nanoparticles.
BSA has been one of the most extensively studied proteins because of its sequence and structural
homology with human serum albumin (HSA). HSA could be considered the most suitable protein
for biocompatible coating of nanoparticles for biomedical applications. Herein we used BSA as a
model for HSA, with the aim of ultimately using HSA for future clinical stages. BSA is an abundant
serum protein with a MW of ~66 kDa. The primary physiological function of serum albumin (SA) is to
transport lipids and metabolites present in blood plasma; hence, it is a suitable carrier for hydrophobic
drugs. Due to the high protein binding of various drugs, it could be used for effective incorporation
of these compounds. It has an extraordinary ligand binding capacity, providing a depot for a wide
variety of compounds with favorable monovalent reversible binding characteristics for transport in the
body and release at the cell surface. Folate–bovine serum albumin-functionalized polymeric micelles
loaded with superparamagnetic iron oxide nanoparticles have been proposed for tumor targeting
and magnetic resonance imaging [27,28]. Ultrasound-triggered BSA/SPION hybrid nanoclusters
investigated for liver-specific magnetic resonance imaging support the interest in the use of SA in the
field of nanomedicine [29].

Paclitaxel (PTX) is a medication used to treat a number of types of cancer, including ovarian
cancer, breast cancer, lung cancer, and pancreatic cancer, among others. Its clinical application is
hampered by poor solubility in water and other pharmaceutically acceptable solvents (<2 μg/mL).
To increase its bioavaibility, various alternative formulation approaches have been explored, including
emulsions, nanoparticles, polymeric micelles, cyclodextrins, liposomes, etc. [30]. Of note, hyaluronic
acid-anchored PTX nanocrystals have been found to improve chemotherapeutic efficacy and inhibit
lung metastasis in tumor-bearing rat models [31].

The aim of this study was to design and develop a new theranostic nanosystem, named
Fe3O4·DA-BSA/HA, suitable for loading PTX (see Scheme 1). The iron core and HA were selected
according to the specific roles they can play in therapy, diagnosis and targeting, while BSA could
make stable, biocompatible and non-toxic the hybrid Fe3O4·DA-BSA/HA system. The iron core was
decorated irreversibly by BSA and HA [32]. This is the reason why dopamine (DA) is a fundamental
part of the system. Covalent linkage of both BSA and HA with DA was built up, DA being identified
as the specific anchoring molecule to the inorganic core. BSA-DA and HA-DA were both linked to the
surface of the iron core, in order to obtain a strong interaction between the bioorganic layer and the
inorganic core. Scheme 1 summarizes the schematic protocol to Fe3O4·DA-BSA/HA that was thought
to be as simple as possible, reproducible, and suitable for scaling up. The choice of HA and BSA was
also in agreement with the final challenge of the work, that is the loading of Fe3O4·DA-BSA/HA
with the real anticancer PTX drug. The rational of the PTX Fe3O4·DA-BSA/HA inclusion can also be
supported by the fact that, on 6 September 2013, the Food and Drug Administration (FDA) approved
PTX albumin-stabilized nanoparticle formulation and also partially by Ref. [31].
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Scheme 1. A schematic protocol of the envisioned Fe3O4·DA-BSA/HA nanoparticle, where DA means
dopamine, loaded with paclitaxel (PTX), BSA—bovine serum albumin; HA—hyaluronic acid.

2. Results

2.1. Preparation and Characterization

2.1.1. Synthesis of BSA-DA Adduct

Since DA and BSA respectively possess amine and carboxylic moieties, the common carbodimmide
cross-linker chemistry was explored. The condensation between DA and BSA was performed by
employing 1-ethyl-3-(3′-dimethyl-aminopropyl)-carbodiimide (EDC).

The DA:BSA degree of substitution was evaluated by means of MALDI–TOF analysis (Figure 1).
The spectrum shows a large peak at mass-to-charge (m/z) values of about 70,000 Da, corresponding to
the medium average derivatization of 20:1 (20 molecules of DA for each molecule of BSA).

 

A 

B 

Figure 1. Matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) spectra of (A)
bovine serum albumin-dopamine (BSA-DA) and (B) BSA protein, protein A and trypsinogen.

2.1.2. Synthesis of HA-DA Adduct

Commercial low molecular weight hyaluronic acid (HA, 5400 Da) and dopamine hydrochloride
were reacted to form HA-DA conjugates using EDC as the activating agent of carboxyl groups of the
HA chain. The crude HA-DA was dialyzed before characterization.
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Structural characterization of the starting material (HA) and the obtained HA-DA adduct was
performed by LC–MS chromatography and NMR. Concerning HA, the LC–MS based method allowed
the elution and identification of oligomer dispersion from 4 mer (with a molecular weight of about
700 Da) to 40 mer (with a molecular weight of about 7600 Da). Almost all the species eluting in
the labelled chromatographic peaks (Figure S1) were identified; assignment is reported in Table S1.
At any rate, the elution of several isomers was observed, confirming the presence of species with
the same molecular weight but different sequences. As expected, the regular chains distribution
on (G-ANAc)n, that means hyaluronic acid disaccharide repeating unit, 4-β-D-glucuronic acid (1–3)
N-acetyl β-D-glucosamine, seems to be the most abundant, but relevant contribution arises from the
other species.

While the LC–MS analysis of intact HA provided good chromatographic separation of numerous
species and their identification with very high mass accuracy, the analysis of its DA conjugate (HA-DA)
showed several issues, due to the presence of unreacted starting hyaluronic acid, eventual reagents
carried by the interaction with the polymer and the elution of less strongly retained derivatized
oligomers under the unreacted HA chains, which cannot be quantified with this technique. Expanded
portions of the chromatograms (Figure 2) allow for detecting the appearance of several mass signals
corresponding to derivatized HA chains observed in the extracted ion chromatograms (Figure 3).

a b
c

A 

B 

Figure 2. Partial HPLC–MS profiles: (A) intact hyaluronic acid (HA) and (B) HA-DA.

The elution of these derivatized components at lower retention times than the non-derivatized
ones agrees with the behaviour of reversed-phase ion pair chromatography using alkylammonium
as the ion pair when masking the negative charge of glucuronic acid is accomplished by reaction
with DA.

Due to the extremely high complexity of the HA-DA material, we attempted to assign the
structures of these signals (Table S2); data show that about the same modification, corresponding
to a mass addition of about 534 Daltons, was observed in all HA components from 5 mer to 20 mer,
suggesting the formation of modified HA chains containing at least three DA molecules. This first
level of investigation appeared to be enough to confirm the HA derivatization with DA in the HA-DA
material, as supported by parallel NMR analysis. No information can be provided via LC–MS analysis
about the formation of the non-covalent HA/DA complex.

Structural characterization of HA-DA material was also performed using 1H- and 13C-NMR with
mono- and bidimensional techniques such as COSY, TOCSY, DOSY, HSQC, and HMBC. Table 1 shows
the chemical shifts and assignments of the signals.
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Figure 3. Extracted ion chromatograms (EIC) of mass signals identified as derivatized HA chains
(HA-DA) ranging from 5-mer oligomers (Mw ~1500) to 20-mer oligomers (Mw ~4300) (see Table S2).

 

Figure 4. Proton spectra of HA (A) and HA-DA (B), (C) the DA chemical structure.

The HA 1H-NMR (Figure 4A) spectrum signals a low molecular weight structure. The main
signals are sharper than the usual polymeric HA ones, while minor signals are due to the reducing
and non-reducing terminal chain residues. Both the glucosamine and the glucuronic acid show their
terminal reducing residues, suggesting a non-enzymatic chemical degradation. Integration values of
easily detectable reduced end signals correspond to an average of chains centred between nine and ten
disaccharide units. Free NH2 glucosamine is also detected, in the range of 1.5%. The spectrum of the
product shows traces of minor components.

The HA-DA derivative presents a simplified 1H-NMR spectrum (Figure 4B) with respect to the
corresponding HA spectrum induced by the derivatization procedure. The reducing anomeric pattern
and other minor signals have disappeared or are significantly lowered, corresponding to a loss of the
shortest HA oligomers. The quantification of reducing end anomeric signals is no longer possible due
to the occurred derivatization. The main spectrum signals are unmodified, while the new signals in the

94



Molecules 2017, 22, 1030

expected region of the DA signals appear to be minor, in agreement with the planned derivatization
degree. The ratio between the aromatic and the anomeric signals allows for estimating an average
ratio of 2 DA for each 10 disaccharide building blocks. A high complexity in these spectral regions
is observed.

Table 1. Proton 1H and carbon 13C structure-chemical shift assignment of hyaluronic acid (HA) and
HA-dopamine (DA). Italics: free DA. The numbers used for the attribution of DA signals refer to the
DA structure reported in Figure 4.

HA (ppm)
Glucosamine

HA-DA (ppm)

1H 13C 1H 13C

5.16 93.8 A1α 5.16 93.9
4.71 97.6 A1β 4.71 97.6
5.22 95.1 A1NH2α - -
4.56 103.3 A1 4.56 103.4
3.84 57.1 A2 3.83 57.2
3.72 85.5 A3 3.71 85.5
3.52 71.3 A4 3.51 71.3
3.48 78.3 A5 3.46 78.3
3.76

63.4
A6 3.75

63.43.92 A6′ 3.90
2.02 25.4 ME 2.02 25.4

- 177.8 N-CO - 177.7

Glucuronic Acid

5.26 94.9 G1redα 5.20 94.9
3.01 57.1 G2redα nd nd
4.61 98.9 G1redβ 4.62 99.0
2.77 59.7 G2redβ nd nd
4.46 106.0 G1 4.45 105.8
3.45 75.4 G2 3.33 75.3
3.58 76.5 G3 3.56 76.5
3.74 82.8 G4 3.71 85.5
3.71 79.2 G5 3.71 79.2

- 176.9 G6 - 176.9

Dopamine

2.87 32.0 CH2 (9)
2.98–2.93

34.82.96–2.87

3.22 40.0 CH2-Nr (10)
3.27 43.3
3.23 39.5

6.75 123.0 4

6.88 124.7
6.93 124.2
6.76 124.1

- 130.1 5

138.9
141.3
131.9

6.90 117.4 3

7.10 130.7
7.26 125.8
7.23 125.7
6.91 119.4

6.85 117.4 6

7.02 121.2
7.09 126.7
6.85 119.5

- 145.0
143.8 1 and 2

132.1
140.2
149.9
150.7
151.1
147.1
145.9
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At least three different structures are detectable at the level of the aromatic signals (Figure S2).
One appears with sharp signals, and the chemical shift of the signals corresponds to the free
dopamine’s surviving the dialysis step, probably because of salt effect with HA. These signals
were not considered for quantitative evaluations. The two other observable structures present
similar signal patterns, but both show deshielded signals, in different degrees, with respect to the
free DA. Furthermore, the signals appear as broad ones, due to their incorporation in a polymeric
structure. This interpretation was supported by a DOSY NMR experiment that allows identification
of homogeneous molecules through their diffusion coefficients, which depend on the size and shape
of the molecule. The experiment shows the polymeric chain signals containing the linked aromatic
ones all aligned and having similar low diffusion coefficients, while the small components show
different distributions. The discriminating spectrum of the DOSY experiment shows that the free DA
component is lost while the DA-HA linked components survive (see Figure 5).

Figure 5. Comparison of aromatic proton sector of normal NMR spectrum (blue) with a DOSY section
(red) taken in the correspondence of the polymeric chain signals.

The 13C spectrum and the multiple bond correlation experiment (HMBC) associated with the
heteronuclear correlation (HSQC) was determinant for the identification of the quaternary carbons
and their correlations with the protons of the structure. It was possible to identify the correlations, in
addition to the HA structural components, of quaternary aromatic carbons of DA substituent (Figure 6)
with the aliphatic CH2 of the linkage sequence –CH2–NHR. They showed chemical shifts between 3.2
and 3.3, while CH2 linked to the aromatic residue showed values between 2.8 and 3.0 ppm.

Figure 6. HMBC partial spectrum of HA-DA aromatic quaternary carbon correlation signals (blue)
superimposed on the HSQC (red) and 1H spectrum (green). Correlations of the DA polymeric
components are underlined in the light blue areas while the free form is evidenced in the yellow area.
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2.1.3. Synthesis of Fe3O4·OA Nanoparticles

The synthesis of magnetite-oleate nanoparticles (Fe3O4·OA, SPION1) was performed according
to the following description. The magnetite was prepared by coprecipitation of a Fe2+ and Fe3+ salt
solution (FeCl2·4H2O and FeCl3·6H2O, respectively) with the introduction of ammonia as an alkaline
agent. No post-treatment procedure was required, since the oleic acid was introduced as a reactant
during the crystallization. The FTIR spectrum (Figure S3) confirmed the formation of the product
due to the presence of the bands typical for the symmetric and antisymmetric stretching vibration of
oleate (1407 cm−1 and 1520 cm−1, respectively) and the signal at 600 cm−1, which is representative
of Fe–O bond in the crystalline lattice of magnetite. Concerning the morphological characterization,
dynamic light scattering (DLS) measurements showed that the averaged hydrodynamic diameter
(Zav) of obtained oleate-nanocrystals is 31.12 ± 0.41, with a good polydispersity index (PDI) of 0.219
(Table 2). TEM images allow estimation of the size of the iron cores throughout the steps leading
to the nanoassemblies. As depicted in Figure 7, their diameter is around 5 nm, and it is conserved
in subsequent steps. DLS is more informative on the structure of the assemblies: the solvodynamic
diameter of 30 nm of the Fe3O4·OA in hexane indicates that the loose assemblies appearing in the
dry samples (Figure 7 and Table S3) are representative of the aggregation state seen in dispersion.
Furthermore, different samples obtained with the same synthetic procedure over time highlighted
good reproducibility of the size values.

Table 2. Zeta average (Zav) and polydispersity index (PDI) of nanosystems, superparamagnetic iron
oxide nanoparticle (SPION) 1–5.

Sample Zav (d. nm) PDI

SPION1 31.1 ± 0.4 0.22
SPION2 77.5 ± 1.3 0.28
SPION3 83.9 ± 0.9 0.28
SPION5 75.0 ± 1.3 0.29
SPION6 79.4 ± 0.7 0.28

Figure 7. TEM measurements on nanocrystals of magnetite-oleate nanoparticles (Fe3O4·OA, SPION1)
(A) low and (B) high magnification bright field micrographs; (C) relevant selected-area electron
diffraction (SAED) pattern and (D) size distribution histogram of the nanoparticles ensemble.
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2.1.4. Synthesis of Fe3O4·DA-BSA/HA Nanoparticles

Once the BSA-DA and HA-DA adducts were prepared, they were employed in a one-pot reaction
procedure by using cetyl trimethylammonium bromide (CTAB), which acts as a phase transfer agent,
allowing the dispersion of magnetite-oleate nanoparticles (Fe3O4·OA, SPION1) in water and the
contemporary ligand exchange reaction with BSA-DA and HA-DA adducts, giving sample SPION2.
Figure 8 shows the FTIR spectrum of SPION2, which is representative of all Fe3O4·DA-BSA/HA.

Figure 8. Fourier transform infrared spectroscopy (FTIR) spectrum of SPION2.

It is possible to identify the presence of DA, HA, BSA, and cetyl trimethylammonium cation
(CTA) structures and the core Fe–O by diagnostic wavenumbers per every component: νmax cm−1:
3422.08 (O–H sym stretching, N–H stretching amide); 3016.93 (aromatic sym C–H stretching); 2918.1,
2871, 2849 (CH3 asymmetric stretching and –N+(CH3)3 symmetric stretching vibrations, CTA), 1654.11
CONH (C=O stretching); 1546.72 (aromatic sym C–C stretching); 1487.06 (benzene ring vibrations);
1473.05; 1462.82 (CH2 bending); 1431.68; 1397.25 (aromatic C=C bonds); 1303.84 (aromatic C–O asym
bending); 1245.01 (aromatic C–O sym bending); 1161.88 (C–O alcohol); 1078.55 (C–O alcohol) 962.10
(aromatic C–C–H sym bending); 937 (–CH=CH–ring); 730.03 (C–C–C asym bending); 719.32 (C–C–C
asym bending); 546.89 (Fe–O).

The bands at 1481, 1333, and 1258 cm−1 have been assigned as diagnostic signals in the infrared
spectrum of the bidentate ligand catechol bound to TiO2 [33]. Accordingly, we tentatively assigned the
bands at 1487.06, 1397.25, and 1245.01 to the bidentate ligand DA bound to Fe. Bands at 2918.1, 2871,
2849, and 1462.82 were assigned to CTA, in keeping with a very recent article, “Electrochemistry and
surface-enhanced Raman spectroscopy of CTAB modulated interactions of magnetic nanoparticles
with biomolecules”, strictly related to our work [34]. Both TEM (Figure 9) and DLS (Zav = 77.51 ± 1.32,
PDI = 0.28, Table 2) depicted a significant change in the morphology of the system. The overall
dimensions grew and took the shape of multiple small cores coated by shells of organic material.

Since organic layer size could interfere with MRI detection by shielding the iron core, the amount
of HA was decreased, giving SPION3 and SPION4 with different relative amounts of HA and BSA
(20% and 10% HA, respectively, in comparison with SPION2): see the TEM images in Figures 10 and 11.
The choice to modulate HA content depends on the fact that HA is the real targeting component of
Fe3O4·DA-BSA/HA. Hence, the availability of SPIONs 2–4 could endow Fe3O4·DA-BSA/HA with
different targeting properties. Table 3 summarizes the different amounts of BSA and HA.
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Figure 9. TEM analysis on SPION2: (A) low- and (B) high-magnification bright field micrographs and
(C) size distribution histogram of the nanosystems.

Figure 10. TEM analysis on SPION3: (A) low and (B) high-magnification bright field micrographs,
and (C) size distribution histogram of the nanosystems.

Table 3. Different HA amounts (mg) used for the preparation of Fe3O4·DA-BSA/HA nanoparticles.

Fe3O4·OA (SPION1) BSA HA Samples

100 250
250 SPION2
50 SPION3
25 SPION4

The huge decrease of HA organic components appeared to provoke a loss in the homogeneous
morphology of SPION4 (as is clearly detectable from the TEM image, Figure 11). For these reasons,
SPION4 was discarded for subsequent evaluations. Concerning SPION2 and SPION3, minor differences in
nanoparticle size were noticed in DLS measurements (Table 2 and Figure 12).
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Figure 11. TEM analysis on SPION4: (A) low and (B) high magnification bright field micrographs, and
(C) size distribution histogram of the nanosystems.

Figure 12. Dynamic light scattering (DLS) profiles of SPION1 (green), SPION2 (red), and SPION3 (blue).

Concerning the evaluation of the surface charges of the nanosystem, Table 4 reports Z potential
(ξ) values of different samples. Both of the functional organic molecules (HA and BSA) own an overall
negative surface charge, which is slightly decreased as a result of the covalent linkage with dopamine
moiety. The positive ξ values of SPIONs depend on the surface charge due to the CTA [34].

Table 4. Zeta potential (ξ) values for HA, BSA, BSA-DA, HA-DA, and SPION2, 3, and 6.

ξ (mV)

Hyaluronic Acid (HA) –30.8 ± 1.74
Bovine Serum Albumin (BSA) –26.4 ± 1.51

BSA-DA –6.14 ± 1.30
HA-DA –2.17 ± 0.83
SPION2 +15.3 ± 1.01
SPION3 +19.2 ± 1.16
SPION6 +17.5 ± 2.21
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2.2. Inclusion of Paclitaxel and Drug Release

2.2.1. Fe3O4·DA-BSA/HA Nanoparticles with Paclitaxel (PTX)

The antimitotic drug Paclitaxel (PTX) was included in both Fe3O4·DA-BSA/HA nanoparticles,
resulting in samples SPION5 and SPION6, obtained from SPION2 and SPION3, respectively.

A dispersion of PTX was slowly added to progressive volumes of Fe3O4·DA-BSA/HA nanoparticles in
PBS (until 1:3 v/v). The efficiency of the entrapment was firstly verified due to the visual disappearance
of water-insoluble PTX crystals. No significant changes in the structure of the assemblies (Zav in
Table 2 and Figure S7), in their morphology (TEM, Figure S8) and in their superficial electric potential
(ξ, Table 4) were observed.

2.2.2. PTX Release Kinetics

SPION6 was used as the pilot nanosystem in order to test a preliminary kinetic profile of the
PTX release over time. In particular, an aliquot of SPION6 colloidal solution containing PTX was
submitted to a dialysis-based assay. The amount of released PTX into the dialysis solution was
monitored by means of quantitative UV-Vis spectrophotometry. A gradual almost total release of the
drug was observed, as detectable by plotting the percentage of released PTX versus times (Figure 13).
More details are reported in the experimental part (see Section 4.4).

Figure 13. Percentage of released PTX plotted against time (hours). Data were obtained with UV-Vis
experiments performed on SPION6 (see Figure S4).

2.3. Time-domain (TD)-NMR Experiments

The solution behavior of contrast agents is often used to screen their potential before animal
testing [35]. Thus, relaxation times T1 and T2 were calculated for all preparations at several different
dilutions, starting from saturated dispersions of samples SPION2 and SPION3. Additionally, we tested
corresponding preparations where PTX was added. For the base dispersions, we measured the amount
of nanoparticles, expressed in weight, by drying. In addition, we determined the Fe atomic content of
SPION2 and SPION3 by inductively coupled plasma (ICP) spectrometry. The results, expressed in %
wt, are 1.38% and 5.45% for SPION2 and SPION3, respectively. Addition of the PTX was performed by
adding 1 mL of PTX solution to 3 mL nanoparticle solution.

All NMR experimental data were well fitted by monomodal decay functions (Figure S5).
An absence of multimodal decay indicates the system is in rapid exchange regime, with relaxation
averaged by fast molecular motion between bulk solvent and nanoparticle surface. Iron nanoparticles
are covered by a HA/BSA layer that makes them compatible with water as well as with each other.
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The coexistence of these interactions makes the grafted particles stick together into hierarchical
superstructures, as is clearly detectable from TEM images (Figures 10 and 11). Microscopically, they are
loose assemblies where water molecules can move easily throughout the soft and hydrophilic particle
organic cover, coming in proximity of the paramagnetic iron oxide cores dispersed within with high
rate. This is very promising for future study on renal clearance, a desirable goal for nanoparticle design
since it avoids iron buildup within the body. This kind of clearance is usually limited to nanoparticles
with less than a 5.5 nm hydrodynamic radius [36], a much smaller value than that measured by DLS
for the present samples. Still, it is well known that soft and flexible particles can squeeze through the
renal nodules [37]. Furthermore, while the present samples are stable in PBS solution, their hierarchical
nature provides the opportunity to further tune the surface for stimuli-responsive decomposition [13],
ultimately separating component particles which are in the range of 3–5 nm.

Relaxation rates R1 and R2, defined as the inverse of relaxation times T1 and T2, respectively,
were plotted against the molar concentration of Fe, as exemplified by Figure 14A, which shows a
comparison between the R2 values for samples SPION2 and SPION3. The resulting plots were highly
linear (R2 > 0.99); thus, molar relaxivities r1 and r2 could be calculated as slopes of the linear fitting
and are indicated in Table 5. Firstly, the high linearity indicates that the aggregates are stable, since
any phenomenon of aggregation or splitting of the nanoassemblies would qualitatively change the
interaction with water. The values in Fe molar concentration for the two samples span different
ranges because the nanoparticle concentration in the dispersions is the same, but the nanoassemblies
prepared with lower amounts of HA have a higher content in Fe cores. This is apparent in Figure 14B,
where we instead plot the same relaxivity values against the amount of nanoparticles (not of Fe).
Due to the higher Fe loading potential of SPION3, this compound could be the most suitable for
medical applications.

(A) (B)

Figure 14. Dependence of R2 relaxation rates for unloaded NP over (A) Fe concentration and (B)
amount of nanoparticles.

Table 5. Longitudinal relaxation R1 of SPION2, SPION5, SPION3 and SPION6.

Sample Composition r1 ± SD (s−1 Mm−1) r2 ± SD (s−1 Mm−1) r2/r1 ± SD

SPION2 Fe3O4·DA-BSA/HA 76.8 ± 1.4 414 ± 4 5.41 ± 0.03
SPION5 SPION2 + PTX 81.2 ± 1.4 396 ± 5 4.88 ± 0.04
SPION3 Fe3O4·DA-BSA/HA 20% 61.1 ± 0.7 321 ± 6 5.26 ± 0.04
SPION6 SPION3 + PTX 62.9 ± 1.2 333 ± 6 5.29 ± 0.005

On the other hand, the similarity of the values plotted against Fe concentration indicates that the
particles have fundamentally the same interactions with water regardless of the BSA/HA ratio.

Later, we also verified the effect of the presence of PTX. From the data presented in Table 5
(see also figures), it is apparent that there is no effect. Similar plots were prepared for longitudinal
relaxation R1; those values are also reported in Table 5.
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The high molar relaxivity values show high promise for application as an MRI agent, since
both the r1 and r2 values are comparable to top end commercial contrast agents [38]. In addition,
the inclusion of PTX did not significantly influence the relaxometric parameters, suggesting theranostic
applications. Since current MRI techniques are based on achieving contrast in different T1 and T2

experiments, the R2/R1 ratio is often used to evaluate the applicability of a system for use as a black
or white contrast agent [39]. The present samples have values of around 5, indicating a preferential
usage as a dark contrast agent, but also some possible applications for white contrast, a field currently
dominated by Gd contrast agents, which have high effectivity but some well-known side effects
including deposition in brain tissue and a risk of nephrogenic fibrosis.

Figure 15 shows that SPIONs have a darkening effect on T2w scans, as expected, dilution
of the sample with PBS decreased the signal of the SPIONs as the iron concentration decreased.
The concentration of Fe3O4 in the samples was insufficient for significant signal because HA
unexpectedly caused a lightening effect in the MRI, which counteracted the SPION signal reducing
the signal darkening effect. A significant signal darkening was observed for the original samples of
SPION3 and SPION4, but, after 50-fold dilution, the signal of SPION3 was dramatically less dark
compared to SPION4, which corresponds to the fact that HA concentration of SPION4 was half the
concentration of SPION3. We can conclude from this experiment that decreasing HA concentration
significantly improved the ability of the SPIONs to serve as good contrast agents in MRI.

 
Figure 15. In vitro MRI T2w scans of samples SPION3 and SPION4. (1) Original sample; (2) 2-fold
dilution; (3) 10-fold dilution; and (4) 50-fold dilution.

3. Discussion

The challenge of this work was to prepare Fe3O4·DA-BSA/HA nanoparticles (SPION samples)
with the capability of loading PTX. We pursued this investigation to provide biologists and possibly
clinics with new theranostic tools. We depicted SPION features and potentialities, starting with the
design, passing from the synthesis to the structural and physicochemical characterization of both
the final adducts and the intermediates, going on with TD-NMR investigation, and ending with the
loading and release of PTX.

As anyone can recognize in current research, the nanomedicine field is becoming immeasurable.
It could be compared to a dark forest where it is very difficult to find one’s bearings. As an example, a
scholar intending to update the enhanced permeability and retention (EPR) of nanoparticles in tumors
could not avoid considering the paper of Nichols and Bae, published in 2014, where they presented a
solid overview of EPR limits and perspectives [40]. We offer these remarks to clarify the thinking we
followed to project Fe3O4·DA-BSA/HA. First, we judge that the theranostic approach is still valid to
fight cancer, and that its rationale is the best to pursue, as far as we know. Additionally, we decided that,
in this war, our chemical approach must be not too sophisticated, while structural and physicochemical
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characterization needed to be as in-depth as possible. The synthetic strategy for creating SPIONs was
based on well-known reactions. Dopamine (DA) has been shown to easily bind to Fe3O4 as a bidentate
enediol ligand [41] and to be a robust and stable anchor group to functionalize iron oxide nanoparticles
with functional molecules [42]. In Fe3O4·DA-BSA/HA, dopamine (DA) is the spacer between BSA
and HA and the iron core. Furthermore, DA is very convenient as a bifunctional molecule suitable
to functionalize the terminal amino group, for example by condensation with the carboxylic group
of glycosaminoglycans [43] and of proteins [44]. BSA and HA were separately cross-linked to DA by
an amide bond, affording BSA-DA and HA-DA, as detailed in the result and experimental sections.
Of note, a dialysis procedure was used to remove nonpolymeric materials and undesired byproducts
from the BSA-DA and HA-DA crude reactions. The reagents ratio employed for HA/BSA and DA
crosslinking was decided with the aim of not functionalizing all the carboxylic groups of DA and HA,
because in our minds HA and BSA have to maintain their biological and physical properties to act by
targeting glycosaminoglycan (HA) and biocompatible protein (SA). It is well known that charges are
crucial for the electrostatic interaction so important in biological environments.

A significant effort was made to characterize both the dialyzed crude reactions, putting in evidence
the amido linkage formation and estimating the substitution degree of the HA and BSA carboxylic
groups with DA: see Sections 2.1.1 and 2.1.2 The medium average derivatization of BSA was estimated
20 molecules of DA for each molecule of BSA. The medium average derivatization of HA was estimated
at two molecules of DA for each 10 disaccharide building blocks.

BSA-DA and HA-DA solutions were used in a one-pot reaction to perform ligand exchange on iron
oleate (OA) nanoparticles, Fe3O4·OA, prepared in organic solvent [45,46]: see Sections 2.1.3 and 2.1.4.
Oleic acid coating was used to stabilize and enhance the exchange with DA adducts. Fe3O4·OA ligand
exchange with DA-BSA and DA-HA provided Fe3O4·DA-BSA/HA as a bioactive adduct suitable for
suspensions in buffer solution [47]. As far as we know, Fe3O4·DA-BSA/HA is a new nanostructure,
in terms of its covalent DA linkages and DA chelation of Fe. HA and BSA undergo strong interactions
that could be associated with significative bioactivities and synergic effects in stabilizing SPION and
targeting citotoxic drugs to tumor mass. Different Fe3O4·DA-BSA/HA (SPIONs) were prepared by
changing the DA-HA:DA-BSA ratios: see Table 3 and Section 4.2.4. We assume that modified DA
reactivity towards Fe does not depend on the cross-linked polymers. This assumption is justified
by the high affinity between DA and Fe and by the fact that steric effects are, in our opinion, not
very important because of the distance between the diol and the amino group. Therefore, the initial
DA-HA:DA-BSA ratio affords Fe3O4·DA-BSA/HA composition. SPIONs were all characterized by IR
spectroscopy that supports the Fe3O4·DA-BSA/HA structure and gives evidence of CTA as positive
counter ions of the carboxylic groups not involved in the amidation. The relevant rule that CTAB plays
in modulating the interactions of magnetic nanoparticles with biomolecules [34] is noteworthy.

For convenience, the SPION2 spectrum is shown and detailed: see Figure 8. TEM images were
reported in Figures 9–11 and partly discussed in the results. Before further discussing SPION2-6 TEM
and DLS results, let us have a look to SPION1, which is the precursor of Fe3O4·DA-BSA/HA. SPION1
could be described as a nanostructured organic salt or complex. Its morphology is shown in Figure 7.
It shows iron cores surrounded by the organic layer of oleic acid. After the ligand exchange, the
situation dramatically changes. The Fe3O4·DA-BSA/HA morphology resembles a pomegranate, with
several iron cores covered by a single organic envelopment. The size of the iron cores does not seem
to vary significantly in the different SPIONs. On the other hand, SPION size distribution depends
on the different ratios between the inorganic and organic parts, as reported in Table 3. SPION2 was
prepared starting from same amount of HA-DA and BSA-DA. In SPION3 preparation, the amount of
HA-DA was strongly reduced, and this was even less for SPION4. SPION2 presents a much higher
size distribution than SPION3; SPION4 shows the same trend. From TEM, it appears that SPION2
and SPION3 have quite the same morphology (see Figures 9 and 10). We can argue that SPION2 and
SPION3 are representatives of the Fe3O4·DA-BSA/HA nanosystem, where both HA-DA and HA-BSA

104



Molecules 2017, 22, 1030

contributes to the morphology. This is not true for SPION4 (see Figure 11). In other words, SPION4
cannot be described as a Fe3O4·DA-BSA/HA nanosystem.

SPION DLS analysis was also provided and summarized in Table 2 and Figure 12. They confirm
the difference between SPION1 and the other SPIONS. The DLS data correspond well to most of
the engineered SPIONs proposed in the literature. After ligand exchange, the hydrodynamic radius
of the newly formed HA/BSA SPIONs increases to 70 nm. Table 2 shows that all the different
Fe3O4·DA-BSA/HA fall in the range of standard SPION (50–150 nm). Noteworthy SPION that are
10–100 nm in size are considered to be optimal for intravenous administration [15]. This observation
makes Fe3O4·DA-BSA/HA promising for future biomedical applications. Since the iron cores are
not modified, this confirms that the assembly of large particles, as seen in Figure 9, is modulated
by the interaction between biomolecular coronas and water, resulting in complex hierarchical
(pomegranate) structures. Looking to the SPIONs’ morphology and size distribution, we argue
that some Fe3O4·DA-BSA/HA properties could be modulated by changing the ratios between HA
and DA and between them and Fe. Note especially the zeta potential (ξ) values reported in Table 4 for
HA, BSA, BSA-DA, HA-DA, and SPION2, 3 and 6. The ξ values change from negative, for HA-DA
and BSA-DA, to positive for SPION2 and SPION3, perfectly agreeing with surface charges due to the
CTA cation [34]. The presence of CTA as counter ion can be correlated with a very good colloidal
stability as observed in Ref. [34]. Furthermore, the magnetic properties of our SPIONs discussed
on the base of their TD-NMR results support the biomedical diagnostic potentiality of the system
Fe3O4·DA-BSA/HA plus CTA.

SPION2 and SPION3 were loaded with PTX to obtain SPION5 and SPION6, as explained in
Section 2.2.1. PTX was easily dispersed by the SPION2 and SPION3 suspensions. Both of the SPION5
and SPION6 DLS and TEM measurements of the obtained drug vehicle did not highlight any significant
morphological variation (see Table 2 and Figures S7 and S8). Zeta potential values were also not affected
(ξ = 17.5 ± 2.21 mV, Table 4). The maintenance of size, morphology and ξ support the PTX loading
within SPION2 and SPION3 affording SPION5 and SPION6. In advance, the Fe3O4·DA-BSA/HA
capability to load PTX can be correlated with the PTX hydrophobic interaction with BSA. Since the
nanoparticle albumin-bound paclitaxel has been discovered, many approaches have been attempted to
put it in more complex systems to avoid the undesired effects of PTX anticancer drug. As a matter of
fact, unfortunately the nanoparticle albumin-bound paclitaxel alone cannot solve the PTX limits and
drawback. Layer-by-layer assembly of hierarchical nanoarchitectures has been investigated to enhance
the systemic performance of nanoparticle albumin-bound paclitaxel [48]. The biodegradability has
been pursued in one-step fabrication of agent-loaded biodegradable microspheroids for drug delivery
and imaging applications [49]. A quite similar approach has been the thermoreversible gelation of
poly(ethylene glycol)/poly(ester anhydride) triblock copolymer nanoparticles for injectable drug
delivery systems [50]. Nanoparticle albumin-bound paclitaxel has been loaded into a nanoporous
solid multistage nanovector to enhance therapeutic efficacy [51]. Finally, drug-induced self-assembly
of modified albumins has been proposed for tumor-targeted combination therapy [52]. The rational of
our approach to load PTX within Fe3O4·DA-BSA/HA perfectly agrees with References [48–52] and
enhances the BSA role in Fe3O4·DA-BSA/HA structures.

As shown in Figure 13, PTX was released by SPION6 at 90% in nine days: see Section 2.2.2.
In about one day, 60% of PTX was released. Both the PTX loading and the preliminary release data
associated with the physicochemical characterization of SPION5 and SPION6 are strongly encouraging
for the development of Fe3O4·DA-BSA/HA as PTX delivery nanosystems, where loaded PTX was
made bioavailable in buffer solution and matched with the Fe3O4·DA-BSA/HA targeting potentiality
according to the hope of reducing the PTX administered dose.

Section 2.3 reports the results obtained by TD-NMR experiments and highlights useful comments.
In particular, the SPIONs’ magnetic properties appear crucial to recognition that Fe3O4·DA-BSA/HA
can also be tested as an innovative contrast agent: see Table 5 and Figure 14. Figure 14b shows the
very important result about the R2 relaxation of SPION2 compared with SPION3: the same NP weight
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concentration, but different Fe contents (SPION3 > SPION2), corresponds to a higher R2 relaxation for
SPION3 than for SPION2.

SPIONs were reported to be excellent MRI T2 contrast agents. As excepted, in vitro T2w MRI
scanning of SPION3 and SPION4 demonstrated significant dark signal having a great potential for
targeted imaging. The approximate blood volume of a mouse is 77–80 μL/g weight. After IV injection
(200 μL) to mice, the sample is diluted in the blood stream (1.9–2 mL) and concentrated in the tumor so
the dilution of the sample is up to 10 fold. From the MRI in vitro result (Figure 15), even after 10-fold
dilution the darkening effect of SPION3 and SPION4 is significant, thus we can deduct from this
experiment that a sufficient signal will be presumably observed in mice. Moreover, at higher dilution,
SPION4 has a better darkening signal due to its lower concentration of HA.

We can argue not only that SPION3 could be more suitable as contrast agent, but also that
the synthetic strategy approached in this paper can modulate Fe3O4·DA-BSA/HA properties. The
TD-NMR experiments also confirm Fe3O4·DA-BSA/HA stability, a feature that is essential for
further developments. Finally, the fact that the inclusion of PTX did not at all modify the magnetic
properties of Fe3O4·DA-BSA/HA strongly supports the achievement of using Fe3O4·DA-BSA/HA as
theranostic agent.

4. Materials and Methods

4.1. General

Chemicals: Ferric chloride hexahydrate (FeCl3·6H2O), ferrous chloride tetrahydrate (FeCl2·4H2O),
sodium chloride (NaCl), potassium chloride (KCl), sodium hydrogenphosphate (Na2HPO4), potassium
dihydrogen phosphate (KH2PO4), dopamine hydrochloride (DA·HCl), bovine serum albumine
(BSA), cetyl trimethylammonium bromide (CTAB), N-(3 dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC·HCl), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH), and paclitaxel
(PTX) were purchased from Sigma Aldrich (St. Louis, MO, USA). Oleic acid ≥85% and sodium oleate
were purchased from Tokyo Chemical Industry (TCI), Tokyo, Japan. Sodium hyaluronate (5400 Da)
was purchased from Lifecore Biomedical, Inc., Chaska, MN, USA.

Materials: Dialysis sacks were purchased from Sigma Aldrich (MWCO: 12,000 Da) (St. Louis,
MO, USA) and from SpectrumLabs (Spectra/Por 3 Dialysis Tubing, MWCO: 3500 Da). Syringe filters
(25 mm, 0.22 μm) were purchased from VWR International, Milan, Italy.

4.2. Synthetic Procedures

4.2.1. Synthesis of BSA-DA Adduct

The reaction flask was obscured to prevent denaturation of the BSA protein. First, 250 mg of
BSA were dissolved in 20 mL of PBS buffer solution (NaCl 137 mM, KCl 3 mM, Na2HPO4 10 mM and
KH2PO4 2 mM. pH = 7.4). Then 527.5 mg of 1-ethyl-3-(3′-dimethyl-aminopropyl)-carbodiimide (EDC)
were added, under magnetic stirring. After a few minutes, 500 mg of dopamine hydrochloride were
added to the solution, which rapidly became darker. The reaction lasted 20 h. The final mixture was
dialyzed against several changes (6 × 1 L) of PBS buffer solution (MWCO: 12,000 Da). The recovered
mixture was analyzed by MALDI–TOF.

4.2.2. Synthesis of HA-DA Adduct

The first 250 mg of Sodium Hyaluronate (5400 Da) were dissolved with 20 mL of PBS solution
(pH = 7.4). A few drops of aqueous solution of HCl (1M) were added to adjust the pH to the value
of 5–5.5. Then, 120 mg of Dopamine hydrochloride and 100 mg of EDC were added. The pH of the
solution rapidly increased up to 8.0, and several drops of HCl 1M were added to the solution over time
in order to keep the pH values between 5.0 and 6.0 during the reaction time (3 h). After 3 h, the pH no
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longer increased and the reaction was considered finished. The final mixture was dialyzed against
several changes (3 × 1 L) of PBS buffer solution (MWCO: 3500 Da).

4.2.3. Synthesis of Fe3O4·OA Nanoparticles (SPION1)

The magnetite gel was formulated by coprecipitation. First, 3.44 g of FeCl2·4H2O and 9.40 g of
FeCl3·6H2O were dissolved in 160 mL of distilled water under nitrogen gas with vigorous stirring, at
80 ◦C for 30 min. Next a mixture composed of 24 mL of NH4OH solution (25% NH3 in H2O), 4 mL of
oleic acid, and 4 mL of acetone was slowly added to the solution. The color of the reaction mixture
immediately turned to black. Stirring lasted 30 min and then the solution was heated again, to 80 ◦C,
for 30 min. Fe3O4·OA nanoparticle precipitation was promoted by adding 200 mL of EtOH 99% and
putting a magnet under the reaction flask. The transparent liquid phase was removed and the recovered
black solid material was dissolved in hexane (150 mL) and reprecipitated with ethanol (200 mL), with
the simultaneous promoted magnetic sedimentation. After the removal of liquid supernatant, a
last washing of the nanoparticles was performed by using acetone in an ultrasonic bath for 10 min.
The SPIONs were collected and dissolved in hexane, a solvent that allows their storage for a long
time avoiding any aggregation phenomena. The chemical structure of dried Fe3O4·OA nanoparticles
(SPION1) was investigated by FTIR analysis; TEM and DLS characterization was also performed.

4.2.4. Synthesis of Fe3O4·DA-BSA/HA Nanoparticles (SPION2, SPION3, SPION4)

Once DA-BSA and DA-HA adducts were prepared, the exchange reaction between them and
the oleic acid coating of nanoparticles was performed in a one-step procedure. In addition, 100 mg
Fe3O4·OA (SPION1) were dispersed in 7 mL of chloroform. These dispersed nanoparticles were
added to a solution of 1.33 g of cetyl trimethylammonium bromide (CTAB) in 66.5 mL of PBS buffer.
Chloroform was carefully removed under reduced pressure. Suspended Fe3O4·OA nanoparticles were
added, drop by drop and under vigorous stirring, to different mixtures of dissolved DA-BSA and
DA-HA adducts in PBS (50:50, 80:20 and 90:10, respectively) in order to perform the ligand exchange
reaction, resulting in the samples SPION2, SPION3, and SPION4, respectively. The products were
soluble in PBS and the solid CTAB and the oil had to be discarded through centrifugation (9000 rpm,
30 min, r.t.). The final mixtures were dialyzed against several changes (3 × 1 L) of PBS buffer solution
(MWCO: 12,000 Da). The samples were characterized with FTIR, DLS, and TEM and then submitted to
further evaluations by means of TD-NMR experiments.

4.2.5. Inclusion of PTX in Fe3O4·DA-BSA/HA Nanoparticles (SPION5, SPION6)

An aliquot of milky aqueous dispersion of paclitaxel (0.5 mg/mL) was added to Fe3O4·DA-BSA/HA
NPs (SPION2 or SPION3) within a starting volumetric ratio of 1:1 (v/v). The preparation was sonicated
for 10 min. Then, a further aliquot of NPs was added, with a final 1:3 (v/v) ratio (PTX:NPs). After a
further sonication of 10 min, the system was maintained for approximately 48 h under constant stirring.

4.3. Characterization Methods

4.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The solid phase FTIR spectra of the powdered sample with infrared grade KBr were generated
using an ALPHA spectrometer (Bruker, Bremen, Germany). Data were analyzed using OPUS software,
version 7.0 (Bruker, Bremen, Germany).

4.3.2. Transmission Electron Microscopy (TEM)

TEM micrographs and selected area electron diffraction (SAED) patterns were acquired using
a Philips CM200 Field emission gun transmission electron microscope (Koninklijke Philips N.V.,
Eindhoven NETHERLANDS) operating at 200 kV. The suspensions of iron oxide nanoparticles and
supraparticles were deposited onto a 200 mesh holey carbon-coated copper grid and let dry a few
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hours before the analysis. Image analyses of TEM micrographs were performed using ImageJ software,
Research Services Branch (RSB) of the National Institute of Mental Health (NIMH) [53], which is quite
useful for estimating the dimension and shape of nanoparticles and supraparticles. In particular, the
mean values and widths of the statistical asymmetric distribution (σ−, σ+) of particles were evaluated
by fitting the experimental values with a log-normal function (Table S4).

4.3.3. Dynamic Light Scattering (DLS)

Hydrodynamic diameter (Zav) and zeta potential (ξ) values of nanosystems were measured
using the Zetasizer Nano ZS (Malvern, Worcestershire, UK) with a fixed 173◦ scattering angle and
a 633-nm-helium-neon-laser. Data were analyzed using Zetasizer software, version 7.11 (Malvern,
Worcestershire, UK). The temperature was set at 298 K. SPION1 was collected from the bulk mixture
after the first dispersion with hexane and directly submitted to DLS measurement. SPION2 and
SPION3 were passed through a 0.22 μm syringe filter, sonicated for 10 min, and then submitted to DLS
measurements. SPION5 and SPION6 were directly collected and analyzed after 10 min of sonication.

4.3.4. MALDI–TOF Measurements

Measurements of BSA samples and their corresponding dopamine derivatives were performed
using an UV-MALDI–TOF Autoflex mass spectrometer (Bruker, Bremen, Germany) equipped with
an ultraviolet laser (λ = 232 nm) operating in linear and positive ion mode in the mass range from
10 to 150 kDa. Each spectrum was recorded by averaging about 300 shots after appropriate mass
range calibration performed with commercial standard proteins mixture (trypsinogen, protein A,
albumin-bovine). The matrix solution, used either for analytes or standard proteins solution, was
freshly prepared as a saturated solution of sinapinic acid (SA) in water 0.1% TFA:acetonitrile 2:1 (v/v).
The analyte solutions were prepared at a concentration of 5–7 mg/mL in water (corresponding to about
100 pmol/μL of BSA protein) and mixed with the matrix solution in a 1:1 (v/v) ratio; then, 1 μL of this
matrix/analyte mixture was loaded on the stainless steel probe and left to dry at room temperature.

4.3.5. HPLC/Mass Spectrometry Measurements

Analyses of hyaluronic acid and its dopamine derivative were performed on an HPLC system
(Platin Blue, Knauer, Berlin, Germany) coupled to ESI-Q-TOF mass spectrometer (impact II, Bruker).
Because of the polyanionic nature of hyaluronic acid, chromatographic separation of the numerous
components contained in extremely complex mixture of the hyaluronic acid sample was performed by
ion pairing reversed-phase liquid chromatography (IP RP LC method) using alkylamine for ion pairing.

The sample solution was prepared at a concentration of 1 mg/mL. 2 μL were injected on a
2.1 × 100 mm Kinetex reversed-phase C18 column with 2.6 μm particles (Phenomenex, Aschaffenburg,
Germany) hold at 35 ◦C and run at a flow rate of 0.15 mL/min, by the mobile phases A (dibutylamine
10 mM, acetic acid 10 mM in water) and B (dibutylamine 10 mM, acetic acid 10 mM in methanol)
according to the following gradient: isocratic step at 10% B for 5 min, followed by a first linear gradient
from 10% to 31% B in 30 min and a second slower gradient from 31% to 45% B in 30 min; then, column
washing at 90% B for 5 min and reconditioning in the initial conditions were performed.

The mass spectrometry detector was set to negative polarity (capillary voltage: +3500 V) in the
mass range from m/z 140 to m/z 2500; nitrogen gas used as nebulizer and heater gases was set at
1.8 bar and 7.0 L/min, respectively.

Mass calibration was performed by using sodium formate solution (water–isopropanol 1:1 v/v
solution containing HCOOH 0.2% and NaOH 5 × 10−3 N).

4.3.6. NMR Experiments

NMR spectra were recorded at 30 ◦C using a Bruker Avance HD spectrometer (500 MHz) equipped
with a high sensitivity 5 mm TCI cryoprobe. Samples were dissolved in 2H2O (99.996%) and in
0.5 M NaCl, pH 7.4 and placed in 5-mm NMR tubes. Proton spectra were recorded with presaturation
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of the residual water signal with a recycle delay of 12 s and 8–16 scans. Bidimensional double quantum
filter-COSY and two-dimensional Total Correlation Spectroscopy (TOCSY) spectra were acquired using
16 scans per series of 2048_320 data points with zero filling in F1 and F2 (4096_2048), and a shifted
(π/2) squared cosine function was applied prior to Fourier transformation.

Heteronuclear single quantum coherence (HSQC) spectra were obtained in phase sensitivity-enhanced
pure absorption mode with decoupling in the acquisition period and 24 scans while heteronuclear
multiple bond correlation spectra (HMBC) were obtained with 64 scans. The matrix size of both
experiments was 1024_320 data points and was zero-filled to 4096_2048 by application of a shifted
(π/2) squared cosine function prior to Fourier transformation. Diffusion-ordered spectroscopy (DOSY)
spectra were acquired using 32 scans and a series of 16 spin echo spectra registered with a time domain
of 16 K zero-filled to 64 K.

4.3.7. ICP Experiments

For the experiments, 14.4 mg of both SPION2 and SPION3 (obtained by lyofilization) were
mineralized with nitric acid (HNO3) and subsequently analyzed using inductively coupled plasma
(ICP) spectrometry. The employed instrument was a Perkin Elmer Optica 2300 (Perkin Elmer, Milan, Italy).

4.3.8. Time-Domain (TD) NMR Experiments

A 0.5 T Bruker Minispec was used for relaxometry. This instrument is a low-resolution NMR
spectrometer with proton larmor frequency of 19.65 MHz, equipped with static probe and a BVT3000
temperature control unit working with nitrogen gas. The temperature was calibrated using an external
thermometer with an accuracy of ±1 K. The precision was 0.1 K; in these conditions, the temperature
is stable within that range during the measurement.

All of the experiments were performed at a temperature of 303 K (29.85 ◦C), obtained using a
Eurotherm nitrogen gas thermal apparatus (Como, Italy). Samples were prepared outside the NMR
tube, and then 150 μL of each solution was inserted in a 10 mm o.d. tube, positioned in the magnet
with the sample in the volume of maximum homogeneity of the B0 and B1 fields. All of the samples
were thermalized for 10 minutes before performing the experiments.

For the π/2 and π, the pulse lengths were set to 2.07 μs and 4.15 μs, respectively. A good
signal-to-noise ratio was obtained within a few scans, but due to the analytical nature of this work,
each sample was measured with 128 scans during Carr–Purcell–Meiboom–Gill (CPMG) experiments
and 64 scans per point during saturation recovery experiments.

For T2 measurements, we made use of CPMG pulse sequence with parameters optimized for
analytical use at low field [54]. This sequence consisted of a first 90◦ pulse followed by a train of
equally spaced 180◦ pulses. The signal is measured in the midpoint between each pair of 180◦ pulses
and the obtained decaying curve is fitted against A exp(−t/T2).

For T1, we implemented a saturation recovery sequence [55], a sequence composed by a pulse
train that is optimized for defocusing the magnetization of the sample. Longitudinal magnetization
was then measured using a single π/2 pulse after a set waiting time. Signal recovery as a function of
time was then interpreted using the following equation:

Mz = M0

[
1 − exp

(
− t

T1

)]
. (1)

4.4. PTX-Release Experiments

SPION6 (4 mL) was placed in a dialysis sack (MWCO: 3500 Da) and dialyzed against 30 mL of
mixture containing 70% PBS buffer and 30% methanol. The experiment was conducted in a shaking
water bath (SW22, Julabo) at room temperature and with a shaking frequency of 100 rpm. The amount
of released PTX over time was monitored through quantitative UV-Vis (UV-spectrophotometer JASCO
v-650; Cremella LC, Italy), SpectraManager software (Cremella LC, Italy). Several aliquots of dialysate
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mixture were collected at different times and immediately submitted to UV acquisitions, and then
replaced in the mixture of the dialysis experiment. The calibration curve employed for the quantitative
conversion of data over time was taken from existing literature (y = 0.04x − 0.0626; R2 = 0.9931) [56,57].

4.5. In Vitro MRI

SPION3, SPION 4 and dilutions of those samples were scanned using a 9.4 T preclinical MRI
scanner (Bruker, Bremen, Germany). Echo Time (TE) and Repetition Time (TR): TR/TE = 3000/60.

5. Conclusions

Our work was successful in identifying the synthetic strategy to obtain Fe3O4·DA-BSA/HA
of 70–90 nm size containing different iron cores of 5 nm, quite homogenous and capable to afford
well-dispersed and stable colloidal system. The synthetic strategy is quite easy, reproducible and
up-scalable. Huge efforts were successfully done to modulate Fe3O4·DA-BSA/HA both in terms of the
ratio between the inorganic core and the bioorganic layer, and the ratio between bovine serum albumin
(BSA) and hyaluronic acid (HA) content in the bioorganic layer. Great attention was dedicated to
structural and morphological characterization aspects. Fe3O4·DA-BSA/HA was capable of entrapping
paclitaxel (PTX). Its physical-chemical characterization and preliminary release tests open the way to
use Fe3O4·DA-BSA/HA as PTX delivery system. Noteworthy, Fe3O4·DA-BSA/HA increased the PTX
bioavailability. Fe3O4·DA-BSA/HA gave good results in TD-NMR experiments to demonstrating their
suitability to be developed as contrast agents in MRI.

Supplementary Materials: Supplementary materials are available online.
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Abstract: A number of low molecular weight heparin (LMWH) products are available for clinical
use and although all share a similar mechanism of action, they are classified as distinct drugs
because of the different depolymerisation processes of the native heparin resulting in substantial
pharmacokinetic and pharmacodynamics differences. While enoxaparin has been extensively
investigated, little information is available regarding the LMWH dalteparin. The present study
is focused on the detailed structural characterization of Fragmin® by LC-MS and NMR applied both
to the whole drug and to its enzymatic products. For a more in-depth approach, size homogeneous
octasaccharide and decasaccharide components together with their fractions endowed with high
or no affinity toward antithrombin were also isolated and their structural profiles characterized.
The combination of different analytical strategies here described represents a useful tool for the
assessment of batch-to-batch structural variability and for comparative evaluation of structural
features of biosimilar products.

Keywords: low-molecular-weight heparin; dalteparin; NMR; LC-MS; affinity chromatography

1. Introduction

Low molecular weight heparins (LMWHs) are heterogeneous mixtures of sulfated
glycosaminoglycans with notable pharmacological activity. They were developed as alternative
therapies to heparin in the prophylaxis and treatment of venous and arterial thrombotic disorders, to
overcome its uncommon but potentially serious side effects, such as bleeding and thrombocytopenia,
and relative unpredictability [1]. LMWHs are derived from unfractionated heparin (UFH)
through controlled chemical or enzymatic depolymerization processes to yield fragments which are
approximately one third the size of the original chains with Mws ranging from 1000 to 10,000 Da [2,3].
Owing to their lower molecular size they typically possess more predictable pharmacological action,
better bioavailability and longer half-life [4,5]. Depending on manufacturing process, marketed
LMWHs mainly differ in degree of depolymerisation, and in the chemical structure of their terminal
units, as well as their therapeutic and pharmacological properties.

Apart from characteristic terminal residues [6], their linear internal sequences are primarily
composed by 1,4-linked repeating trisulfated disaccharides units containing 2-O-sulfated iduronic
acid (I2S) and N-sulfated glucosamine 6-O-sulfated (ANS,6S). These trisulfated regions alternate with
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undersulfated sequences containing non-sulfated uronic acids—iduronic (I) and in lower proportion
glucuronic (G)—which are usually preceded by N-acetylated glucosamine units (ANAc). The specific
pentasaccharide sequence -ANAc,6S-G-ANS,3S,6S-I2S-ANS,6S-(AGA*IA), present only in some of the
chains, constitutes the antithrombin binding site (AT-bs), essential for a high anticoagulant and
antithrombotic activity of LMWHs, such as that of UFH. LMWH structures can also include traces
of the linkage region (LR), the non-sulfated sequence G-Gal-Gal-Xyl which links the original heparin
chain to the core protein of its natural proteoglycan precursor through a serine (Ser) residue [7].

Due to the structural diversity and heterogeneity arising from the different methods of preparation,
the LMWHs available for clinical use are regarded as chemically and pharmacologically distinct entities,
each one with its own unique efficacy and safety profile, and their therapeutic interchange is considered
inappropriate. Correlating the biological properties with particular structural motifs has been the most
important challenge in the design of new LMWHs as well as in the development of generic versions of
these drugs [6].

For the LMWH dalteparin, approved indications include the prevention of venous
thromboembolism (VTE) in patients undergoing hip replacement or abdominal surgery and in acutely
ill medical patients with severely restricted mobility, in long term secondary prevention of VTE,
in patients with VTE and cancer, and in acute coronary syndromes as unstable angina and non-Q wave
myocardial infarction [8].

Dalteparin is produced from porcine intestinal mucosa through a relatively simple and low cost
method based on a controlled deaminative cleavage with nitrous acid followed by reduction, resulting
in the formation of an anhydromannitol (aM.ol) ring at the reducing end. The complete structural
characterization of dalteparin, such as of all LMWHs, should supply information on the size of the
chains, the monosaccharide composition in terms of iduronic/glucuronic acid, N-sulfated/N-acetylated
glucosamine content and sulfation pattern and the sequence of these residues along the chains. No
single technique is able to fulfil all these requirements and only a combination of orthogonal analytical
approaches can provide a thorough characterization. Among the analytical approaches used for structure
investigation of LMWHs, NMR spectroscopy and mass spectrometry (MS) represent the most effective
techniques [3]. In particular, a growing interest has been registered in the last two decades in the
application of MS, by increasingly sophisticated instruments with higher mass resolution and accuracy.
A relevant contribution to the analysis of very complex mixtures such as LMWHs was provided by the
direct connection of mass spectrometry to liquid chromatography systems (LC-MS) [9–11]. Among the
most recent academic studies, fingerprint analysis by reversed-phase ion-pairing ultra-performance liquid
chromatography coupled to high resolution mass spectrometry (RPIP-UHPLC–MS), has been proved to be
a very important analytical method to ensure, in a very fast way, drug quality and collection of extremely
interesting information about oligosaccharide structure, chain length and chemical modification [12,13].
Nevertheless, due to the extremely high complexity of samples exhibiting large polydispersity over a
large molecular weight distribution together with several isomers, further approaches are necessary to
obtain a detailed understanding of the samples and make ensure the comparability between different
samples and lot-to-lot variability. Heparin/heparan sulfate fragment mapping by enzymatic digestion
either with either heparinase I, II and III or using a mixture of them is a very common strategy reported in
several studies and different analytical methods to run the depolymerized solutions and record interesting
information in function to the technique used are often described [14–18]. Moreover, it was recently
described that the quantitative NMR-HSQC analysis, applied to determine the mono- and disaccharide
composition of heparin and LMWHs, can be used for detailed structural comparison studies between
generic or biosimilar drugs with the reference product [19].

The present work describes the in-depth structural characterization of dalteparin by 2D-NMR
and LC-MS techniques, applied both to intact chains and to their enzymatic products. The sample
depolymerization by two strategies involving the exhaustive digestion with a cocktail of heparinases I,
II and III and heparinase III bottom up fragment mapping, allows one to obtain samples of reduced
complexity and at the same time point out eventual structural motifs. As a further level of detailed
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analysis, investigation of appropriate size-exclusion chromatography fractions, such as octa- and
decasaccharides, and of their sub-fractions endowed of high affinity (HA) or no affinity (NA) for
antithrombin was performed. The overall analytical approach here described represents an effective
strategy for comparative purposes of structural features of different lots of dalteparin samples either
concerning the appraisal of batch-to-batch variability or the evaluation of biosimilar products.

2. Results and Discussion

2.1. NMR Characterization

The mono/disaccharide percentage content of eleven different batches of Fragmin® was
determined by applying a recently validated method [19]. The HSQC spectrum reported in Figure 1
shows all major and minor signals used for integration. Results are presented in Table 1.

Figure 1. Anomeric (left) and ring (right) regions of 1H/13C HSQC NMR spectrum of Frag-5. AM
corresponds to aM.ol.

Table 1. Percent content of variously substituted glucosamine and uronic acid residues in different
disaccharide sequences of Fragmin® samples, together with typical linkage region residues.

Frag-1 Frag-2 Frag-3 Frag-4 Frag-5 Frag-6 Frag-7 Frag-8 Frag-9 Frag-10 Frag-11

Amines
ANS-(I2S) 55.7 56.6 55.2 55.8 57.2 58.1 56.3 57.2 59.0 55.2 55.7

ANS-I 7.6 5.9 7.0 7.6 6.6 6.8 6.9 7.1 6.5 7.5 8.1
ANS-(G) 5.9 6.0 5.8 5.9 5.9 5.6 6.0 5.9 5.7 5.6 5.6

A* 5.9 5.5 6.1 5.3 5.6 4.9 5.5 5.2 4.7 5.5 5.1
ANAc-(G) 9.4 9.5 9.0 9.5 9.3 9.2 9.2 9.3 8.9 9.7 9.7
ANAc-(I) nd nd nd nd nd nd nd nd nd nd nd

ANH2 nd nd nd nd nd nd nd nd nd nd nd
A-epox nd nd 0.8 * 0.6 * 0.6 * 0.7 * 0.8 * 0.6 * nd 1.1 * nd

A-(GalA) 1.6 1.9 1.4 * 1.0 * 1.1 * 1.1 * 0.5 * 1.0 * 0.9 * 2.0 1.4
A6S 90.7 90.5 90.6 90.4 89.9 90.3 90.6 89.8 90.2 91.0 90.8

aM.ol 12.9 13.3 13.5 13.3 12.9 12.6 13.9 12.7 13.2 12.7 13.3
Rc 1.0 * 1.2 * 1.0 * 0.9 * 0.8 * 1.0 * 1.0 * 0.9 * 1.1 * 0.7 * 1.2 *

Uronic acids
I2S 75.3 77.3 76.4 76.9 76.2 76.5 75.8 76.6 76.7 73.2 74.1

I-(A6S) 8.3 7.2 7.4 7.2 7.0 7.4 7.1 7.0 7.0 8.3 8.6
I-(A6OH) 0.6 0.7 * 0.8 * 1.0 * 0.7 * 0.7 * 0.9 * 0.9 * 0.7 * 0.8 * 0.9 *
G-(A*) 4.9 4.4 4.4 4.4 4.4 4.5 4.7 4.4 4.5 5.0 4.7

G-(ANS) 6.0 5.2 5.8 5.8 5.9 5.4 5.8 5.3 5.7 5.7 6.8
G-(ANAc) 3.9 4.6 3.9 4.1 4.5 4.7 4.9 4.5 5.3 4.1 3.8

Gnr nd nd nd nd nd nd nd nd nd nd nd
epox nd nd 0.8 * 0.6 * 0.6 * 0.7 * 0.7 * 0.6 * nd 1.0 * nd
GalA 1.1 0.7 * 0.5 * nd 0.5 * nd nd 0.7 * nd 1.7 1.1 *

Linkage region
Gal1+G 1.6 * 1.2 * 1.6 2.1 2.0 1.8 2.1 2.0 1.9 1.3 * 1.4

Gal2 1.3 * 1.0 * 1.3 * 1.6 1.5 1.4 * 1.6 1.4 1.6 1.2 * 1.0 *
Xyl-Ser-ox 0.8 * 0.6 * 0.8 * 0.9 * 0.9 * 1.0 * 1.0 * 0.9 * 1.1 0.6 * 0.7 *

Xyl-Ser nd nd nd nd nd nd nd nd nd nd nd

nd indicates values under the limit of detection (LOD); * indicates values under the limit of quantification (LOQ);
Gnr indicates glucuronic acid located at the non-reducing end.

116



Molecules 2017, 22, 1051

The main structural features of dalteparin revealed by HSQC NMR analysis were the presence
of an anhydromannitol ring as the only detectable residue at the reducing end, the relatively
high content of sulfated monosaccharides and a substantial percentage of G-(A*) marker of the
binding site for antithrombin, in agreement with previous results [20], the absence of N-acetylated
glucosamine linked to non-sulfated iduronic acid [ANAc-(I)] and a modest presence of linkage
region. Moreover, traces of anomalous structures were also detected, such as epoxide and
2-deoxy-2-C-hydroxymethylpentafuranosidic residues. The former is the result of alkaline treatments
possibly suffered by the parent heparin and are identified by typical H2/C2 and H3/C3 signals at
3.74/54.2 and 3.82/53.3 ppm, respectively. Such epoxides can convert to L-galacturonic acid (GalA)
during the processes for preparation of both unfractionated heparin and LMWH and this structure
was identified too. The latter structure is a side effect of nitrous acid treatment of heparin used to
obtain dalteparin. Actually, some internal glucosamine residues can undergo a deamination to give,
by ring contraction (Rc), a 2-deoxy-2-C-hydroxymethylpentafuranosidic residue, which hexocyclic
CH2 groups are identified by the typical chemical shift at 5.45/104.5 ppm [21].

2.2. Chain Mapping

The eleven Fragmin® samples were subjected to LC-MS analysis of the whole intact mixture.
The UHPLC method, using pentylamine as ion reagent in the ion pair reversed phase (IPRP)
liquid chromatography, provided a good chromatographic separation of numerous components
in a relatively short time range (less than 30 min). Mass spectral information allowed us to calculate
oligosaccharide composition, in terms of chain length, number of sulfate and/or acetyl groups, and
chemical modifications induced by the production process. The structure hypothesis was expressed
using a code consisting of a letter indicating the non-reducing residue, such as U (uronic acid) or A
(glucosamine) followed by three numbers indicating monosaccharide residues, sulfate groups and
N-acetyl groups, respectively, followed by the aM.ol symbol for the fragment residues terminating
with 2,5-anhydro-D-mannitol. All samples displayed highly similar UHPLC/MS profiles in terms of
number and shape of peaks; in Figure 2 a representative base peak chromatogram (BPC) is reported.
Mass spectra details of the main signals detected in all dalteparin samples are reported in Table S1.

Figure 2. LC-MS profile (BPC) of a representative Fragmin® sample (Frag-5). Mass signals assignment
of the main components is reported. LC conditions: isocratic step at 15% B for 1 min, followed by a
linear gradient from 15% to 40% B in 31 min; then, column washing and reconditioning in the initial
conditions were performed.

Twentythree main species ranging from pentamer to tetradecamer were detected. It is important
to underline that the intensity of peaks observable in Figure 2 is not related to the content of oligomeric
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species. Actually, the ion desorption efficiency in mass spectrometry ionization source is strongly
affected by structure and molecular weight of components. In general, the higher the molecular
weight of a species the lower the MS response is. This explains the apparent discrepancy between
the LC-MS profile displayed in Figure 2 and the oligomeric composition profiles obtained by size
exclusion chromatography (Section 2.5, Figures S3–S5).

The main species detected are associated to anhydromannitol derivative structures, most of them
having a high degree of sulfation and no acetyl group. Almost all the oligosaccharides have a high
degree of sulfation, but a few monoacetylated species were also observed. Odd species (penta- and
heptasaccharides) were detected as minor components. Since they have a glucosamine residue at the
non-reducing end, they represent original terminal chains of the parent heparin which dalteparin was
derived from.

Interestingly, a number of fully sulfated oligosaccharides were detected, such as U8,11,0-aM.ol,
U10,14,0-aM.ol, U12,17,0-aM.ol and U14,20,0-aM.ol. They are expected to correspond to regular
sequences made up of trisulfated disaccharides (I2S-GlcNS,6S) and terminating with the typical
anhydromannitol moiety, i.e., (I2S-GlcNS,6S)n-I2S-aM.ol6S, where n range from 3 to 6. Nevertheless,
for each of the above oligomers at least two isomers were found: for U8,11,0-aM.ol in particular, two
isomers were recorded as main components under the peaks 7 and 9, and a third one as minor species in
the peak 10. Different isomers could contain a G-A* sequence in different positions (positional isomers).

The molecular mass of dalteparin oligosaccharides terminating with 2,5-anhydro-D-mannitol
shows a loss of 15 Da with respect to the MW of unmodified heparin oligosaccharides, corresponding
to the loss of an amino group produced by the depolymerization process.

Mass signals corresponding to a further loss of 15 Da can be often observed, suggesting an
additional deamination, most probably occurred on glucosamine residues within the chain, with
no subsequent depolymerization. In agreement with NMR data, such signals were associated to a
ring contracted (Rc) unit, derived from a glucosamine residue [21]. Structures with the Rc unit were
observed in nearly all peaks of the chromatogram. As reported in Figure 2, the presence of all these
structures has been verified in peaks 6, 16, 17, 20 and 21. Minor mass signals corresponding to the
expected molecular mass with 2 Daltons less were detected and identified as an aldehyde form (aM)
produced by an incomplete reduction to the 2,5-anhydro-D-mannitol terminal residue.

2.3. Building Blocks Analysis by Heparinases I, II, III Digestion

Under exhaustive digestion conditions, 23 major entities were typically observed (Figure 3). Mass
spectra details of the main signals detected in all dalteparin samples are reported in Table S2. Regular
unsaturated disaccharides with different sulfation degree, but also monoacetylated and saturated
disaccharides were observed. In particular, two isomers of the saturated disaccharide U2,3,0 were
detected under the peak of the main trisulfated disaccharide ΔU2,3,0, suggesting the presence of the
following isomers I2S-ANS,6S and G-A* (Figure 3). Accordingly, a number of dalteparin chains starting
with G-A* sequence at the non-reducing end are expected.

Several anhydromannitol residues were identified in different chains ranging from disaccharides
to hexasaccharides. Minor signals were assigned to disaccharide ΔU2,1,0-aM.ol, ΔU2,2,0-aM.ol
and to hexasaccharide ΔU6,6,1-aM.ol. The highest component in the tetrasaccharides region was
attributed to ΔU4,5,0-aM.ol with five sulfate groups and the anhydro derivative at the reducing
end glucosamine, followed by ΔU4,4,1 with four sulfates and an acetyl group. The former could
be interpreted as ΔU2S-ANS,6S-I2S-aM.ol6S and its survival can be explained by the presence of
anhydromannitol derivative; the latter can be explained as ΔU-ANAc,6S-G-A*. In fact, the presence of
3-O-sulfate glucosamine renders the glycosidic bond between N-acetylated, 6-O-sulfated glucosamine
and the unsulfated glucuronic acid impervious to the action of heparinases [22]. This effect can
be used to obtain interesting structural information, mainly in the tetra-hexasaccharides region.
Actually, among the minor tetrasaccharide species, two interesting structures were detected such
as ΔU4,5,0 and ΔU4,5,1, both deriving from the possible fragmentation of two structural variants of
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the binding site. Their most probable sequence interpretations are as follows: ΔU-ANS,6S-G-A* and
ΔU2S-ANAc,6S-G-A*, respectively.
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Figure 3. LC-MS profile (BPC) of a representative Fragmin® sample (Frag-5) depolymerized by a
cocktail of Heparinase I, II, III. Mass signals assignment of the main components is reported. Inset:
expansion of chromatogram portion with the main unsaturated trisulfated disaccharide (ΔU2S-ANS,6S)
eluted (panel a); extracted ion chromatograms (EIC) of m/z 594.0 attributed to saturated trisulfated
disaccharide (panel b): as indicated by arrows, two positional isomers were detected. LC elution
conditions: isocratic step at 2% B for 10 min, followed by a linear gradient to 60% B in 90 min and final
steps of column washing and reconditioning.

2.4. Bottom up Analysis by Heparinases III Digestion

Heparinase III cleaves the linkage between N-acetylated glucosamine ANAc, with or without
6-O-sulfate, and glucuronic or iduronic acid, with preference for the former. As expected, all the
fully sulfated oligosaccharides and their isomers, identified by the previous chain mapping analysis,
were not recognized by this enzyme. The LC-MS profile and mass spectra assignment (Figure 4)
show several oligosaccharides arising from the intact parent Fragmin® (with m/z values accounting
for oligomers ranging from hexa- to hexadecasaccharides). Mass spectra details of the main signals
detected in all dalteparin samples are reported in Table S3.
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Figure 4. LC-MS profile (BPC) of a representative Fragmin® sample (Frag-5) following digestion with
heparinase III. Mass signals assignment of the main components is reported. Components identified in
the parent sample, before the enzymatic digestion, are indicated in italic font. LC elution conditions:
isocratic at 10% B for 5 min, linear gradient from 10% to 50% B in 55 min, linear gradient from 50% B to
90% B in 80 min, followed by column washing and reconditioning.
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Highly sulphated odd intact structures were also observed and identified as pentasaccharide
A5,8,0-aM.ol and heptasaccharide A7,11,0-aM.ol. Confirmation of the sum formula of both
oligosaccharides was provided by Ion Cyclotron Resonance-FT-MS (ICR-FT-MS) analysis (Figures S2
and S3, Supplementary Material). These unusual oligosaccharide composition can be explained by the
presence of I2S-A* sequence inside their chain, (ANS,6S-I2S)1or2-A*-I2S-aM.ol6OS. Such interpretation
would be in agreement with the previous building blocks results where the disaccharide ΔU2,4,0,
compatible with the structure ΔU2S-A*, was detected.

2.5. Isolation of Octasaccharide and Decasaccharide Fractions

Fractionation of dalteparin by size exclusion chromatography into size homogeneous oligomeric
fractions can be achieved both by Biogel P6 and Biogel P10 [20]. For the present work, all the
analysed dalteparin samples underwent chromatographic fractionation on Biogel P6, to obtain a
fingerprint of their overall oligomeric composition: their highly similar chromatographic profiles are
compared in Figures S3–S5 (Supplementary Material). A series of peaks were resolved with each
peak corresponding to a size-homogeneous oligomeric family. In particular, octa- and decasaccharide
fractions were isolated from Frag-11 by implementing three chromatographic runs which yielded, after
desalting, 27.6 mg of octasaccharides and 60.5 mg of decasaccharides, corresponding to 3.1% and 7.8%,
respectively, of the whole sample.

2.6. Affinity Chromatography Separation of NA and HA Components

The isolated size-homogeneous oligosaccharide fractions were fractionated with regards to their
ability to interact with AT-Sepharose column. Affinity chromatography of octa- and decasaccharides
resulted in the separation of two components: the first one, considered devoid of affinity for AT as
eluting at lower ionic strength (NA); the second one endowed of high affinity for AT as eluting at
higher ionic strength (HA). The relative content of HA components for octa and decasaccharides with
respect to the total fraction, were 5% and 6% respectively.

2.7. NMR Characterization of Octasaccharide and Decasaccharide Fractions and of their NA and
HA Components

The isolated octa and decasaccharide fractions and their corresponding NA and HA components
were studied through the quantitative compositional analysis method based on HSQC 1H-13C
correlation measurement already applied for parent LMWH. The average monosaccharide content of
all samples is presented in Table 2.

Table 2. Percent content of variously substituted glucosamine and uronic acid residues in octa and
decasaccharide fractions, and in their corresponding HA and NA components. n.d. = not detected.

Octa HA-Octa NA-Octa Deca HA-Deca NA-Deca

Amines
ANS-(I2S) 56.6 34.5 58.6 58.1 27.0 59.8

ANS-I 2.8 4.1 2.3 4.6 13.8 4.1
ANS-(G) 4.4 10.3 2.8 5.3 9.0 5.1

A* 10.5 21.9 8.1 6.4 20.3 5.0
ANAc-(G) 2.2 7.2 2.0 4.4 11.6 3.3
ANAc-(I) n.d. n.d. n.d. n.d. n.d. n.d.

ANH2 n.d. n.d. 0.8 n.d. n.d. n.d.
A-epox n.d. n.d. n.d. n.d. n.d. n.d.

A-(GalA) 0.9 n.d. 0.8 0.9 n.d. n.d.
A6S 98.5 99.5 98.8 97.0 99.5 97.4

aM.ol 20.8 21.6 22.6 19.0 18.2 18.7
Rc 1.0 n.d. 1.0 1.3 n.d. 1.5
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Table 2. Cont.

Octa HA-Octa NA-Octa Deca HA-Deca NA-Deca

Uronic acids
I2S 84.7 69.7 88.2 81.6 66.0 81.8

I-(A6S) 2.7 3.2 2.5 4.7 14.2 3.9
I-(A6OH) n.d. n.d. n.d. 0.7 n.d. 0.6
G-(A*) 8.2 22.6 6.1 5.8 17.5 5.0

G-(ANS) 2.9 4.4 2.4 4.8 2.3 5.1
G-(ANAc) 0.6 n.d. n.d. 1.5 n.d. 2.1

Gnr 4.6 traces 4.2 1.5 traces 2.9
G2S n.d. traces n.d. n.d. n.d. n.d.

epox n.d. n.d. n.d. n.d. n.d. n.d.
GalA 0.9 n.d. 0.7 0.9 n.d. 1.4

Given the length of oligosaccharide sequences, additional structural information with respect to
whole Fragmin® samples was determined (Table 1) such as the percent content of glucuronic acid
located at the non-reducing end (Gnr). Whereas no significant differences were detected between
octa- and decasaccharide composition, the most important diversities were displayed by each NA and
HA components with respect to the parent oligosaccharides. Signals of residues associated with the
AT-binding pentasaccharide sequence, e.g., A*, G-(A*) and ANAc-(G), increased in HA components
and their percentage content turned out to be about two-three times higher with respect to parent
oligosaccharide fractions. Monodimensional 1H-NMR spectra of HA and NA components of the two
oligosaccharide fractions clearly revealed the main structural differences above mentioned (Figure 5).
In both HA sub-fractions a substantial increase of the typical signals of AT-bs (ANS,3S, GlcA and acetyl
group) appeared accompanied by the expected decrease of N-sulfated glucosamine, ANS. Additionally,
in HA-deca, a significant increase of non-sulfated iduronic acid, which is expected to precede the
AGA*IA sequence, was also observed and quantified. No trace of linkage region was detected in parent
oligosaccharides or their derived components. Interestingly, despite a small amount of ring contracted
unit (Rc) and galacturonic acid were detected in total octasaccharide and decasaccharide fractions,
no traces of these structures appeared in both octa-HA and deca-HA components. The presence of
anomalous monosaccharide units in so short sequences would impair definitely their interaction with AT.

Figure 5. 1H-NMR spectra of HA and NA components of octa and decasaccharide fractions. The
direction of arrows, up or down, indicates the increase or decrease respectively of some characteristic
signals in spectra of HA components.

2.8. LC-MS Analysis of Octasaccharide and Decasaccharide fractions

The compositional profiles of the isolated octa- and decasaccharide fractions are presented in Figure 6,
together with the list of the main oligomeric species detected in BPCs. In the octasaccharide fraction,
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different octameric sequences were detected with a number of sulfate groups ranging from 9 to 11.
In particular, nona- and decasulfated species, U8,9,1-aM.ol and U8,10,1-aM.ol respectively, contained
also an acetyl group, whereas undecasulfated sequences, i.e., U8,11,0-aM.ol, accounted for a regular
fully sulfated sequence. Two out of ten species are the most represented sequences, all accounting for
the fully sulfated octasaccharide U8,11,0-aM.ol. A few species present in minor peaks, whose m/z ratio
accounted for nona- and decasaccharides, coeluted with octasaccharides, including two isomers of a
highly sulfated nonasaccharide sequence bearing 13 and 14 sulfate groups, respectively (A9,13,0-aM.ol
and A9,14,0-aM.ol). As previously discussed, oligosaccharides with a glucosamine residue located at the
non-reducing end represent the original terminal chains of the parent heparin.

The decasaccharide fraction turned out to be composed by eight main species bearing from 12 to
14 sulfate groups and including three monoacetylated dodecasulfated isomers. A sequence containing
a ring contracted unit (Rc) was also detected. As for octasaccharide fraction, also in this case two
isomers of the fully sulfated sequence U10,14,0-aM.ol were detected.

As already discussed in “Chain mapping” paragraph, together with octa and decasaccharides
with regular structure (I2S-ANS,6S)n-I2S-aM.ol6S (n = 3 or 4 respectively), isomers containing a G-A* in
different positions are expected. Such oligosaccharides could either contain a fully sulfated AT-bs or a
fragment if it. Actually, the presence of a G-A* located at the non-reducing terminal chain would be in
agreement with the presence of Gnr detected by NMR in both oligosaccharide fractions.

Figure 6. LC-MS profiles (BPC) of exemplary octasaccharide and decasaccharide fractions isolated
from of Frag-5. Mass signals assignment of the main components is reported. LC elution conditions:
linear gradients from 50% B to 57% B in 5 min and from 57% B to 80% B in 52 min, followed by column
washing at 90% B and reconditioning in the initial conditions.

In principle, fully sulfated octa and decasaccharides could contain also G2S–ANS,6S sequences in
alternative to the prevailing trisulfated disaccharide. Nevertheless, the presence of G2S residue was
not detected by NMR spectra, possibly because under the sensitivity of the technique (Table 2). Further
experiments are required to prove our hypothesis. Anyway, although such structural details were of
great concern, their understanding did not meet the scope of the present paper.
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2.9. LC-MS Analysis of NA and HA components of Octasaccharide and Decasaccharide fractions

It is important to underline that the sub-fractionation of oligosaccharide fractions based on
their interaction with AT-Sepharose column, and then the composition of the resulting NA and HA
components, greatly depend on the elution conditions applied (e.g., type of salt, salt concentration,
type of gradient, etc.).

The compositional profiles of the obtained NA and HA components of both octa and
decasaccharides greatly differed each other for the number and intensity of peaks (Figure 7). The reduced
complexity of both sub-fractions allowed to detect also some species that were not observed in the
whole corresponding oligosaccharide fractions, such as A7,9,1-aM.ol and A7,10,0-aM.ol in HA-octa,
U8,8,1-aM.ol in NA-octa, and A11,15,0-aM.ol in HA-deca. In HA-octa sub-fraction five main octameric
species were revealed including (i) two monoacetylated sequences (U8,9,1-aM.ol; U8,10,1-aM.ol), which
are expected to contain the AGA*IA sequence; (ii) three fully sulfated octasaccharides, possibly containing
an AT-bs with all N-sulfated glucosamines (U8,11,0-aM.ol) [23]; (iii) two coeluted heptasaccharides,
a fully sulfated one, A7,10,0-aM.ol and the monoacetylated A7,9,1-aM.ol.

Figure 7. LC-MS profiles (BPC) of HA and NA components of octa- and decasaccharide fractions. Mass
signals assignment of the main components is reported. LC elution conditions: isocratic at 20% Solvent
B for 20 min, gradient elution from 20% B to 40% B for 10 min followed by a 20 min gradient from
40% B to 90% B; subsequently, 90% B was kept for 10 min.

In agreement with NMR data (Table 2) and building block analysis results (Figure 3), the structure
of the main species detected in HA-octa fraction can be interpreted as shown in Table 3.

Heptasaccharides 1 and 3 are both compatible with the presence of AT-binding region, bearing an
acetyl group or a sulfate group on the reducing glucosamine, respectively. Two possible interpretations
have been reported for octasaccharide 2 (U8,9,1-aM.ol), both containing the AGA*IA pentasaccharide
located in two different positions.
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Table 3. Structure assignment of species detected in octa-HA sub-fraction.

Peak Composition Saccharide Sequence

1 A7,9,1-aM.ol ANAc,6S-G-A*-I2S-ANS,6S-I2S-aM.ol6S

2 U8,9,1-aM.ol I-ANAc,6S-G-A*-I2S-ANS,6S-I2S-aM.ol6S and/or
I2S-ANS,6S-I-ANAc,6S-G-A*-I2S-aM.ol6S

3 A7,10,0-aM.ol ANS,6S-G-A*-I2S-ANS,6S-I2S-aM.ol6S
5 U8,10,1-aM.ol I2S-ANS,6S-I-ANAc,6S-I2S-A*-I2S-aM.ol6S

4, 6, 7 U8,11,0-aM.ol
I2S-ANS,6S-G-A*-I2S-ANS,6S-I2S-aM.ol6S
I2S-ANS,6S-I2S-ANS,6S-G-A*-I2S-aM.ol6S
G-A*-I2S-ANS,6S-I2S-ANS,6S-I2S-aM.ol6S

The octasaccharides U8,10,1-aM.ol, one of the most important peaks, could be explained by
hypothesizing the presence of a I2S-A* sequence instead of G-A*, in agreement with the previous
detection of ΔU2,4,0 building block. Interestingly, a synthetic octasaccharide containing the sequence
I2S-A*-I2S was found to be endowed of high binding affinity to AT [24]. As concerns the highly sulfated
octasaccharide isomers U8,11,0-aM.ol two of the proposed structures contain the fully N-sulfated
AT-binding region preceded by a 2-O-sulfated iduronic acid, and located in two different positions.
Following cleavage with heparinase cocktail, these oligosaccharides are expected to generate the
corresponding resistant tetrasaccharides U4,6,0 and ΔU4,6,0 respectively, which turned out to be
almost undetectable in the whole dalteparin sample. Nevertheless, it is likely that the significant
decreasing of structure polydispersity, such as in HA-Octa sub-fraction with respect to parent LMWH,
allows the detection also of very minor sequences. The third undecasulfated isomer was interpreted as
G-A*-I2S-ANS,6S-I2S-ANS,6S-I2S-aM.ol6S, which is in agreement with the finding of traces of non-reducing
glucuronic acid in HA-Octa (Table 2). Despite such octasaccharide was expected to have a moderate
AT-affinity, its presence in HA fraction is compatible with the elution conditions of AT-Sepharose
column here applied, as the NA component was recovered at relatively very low salt concentration
(50 mM NaCl). A possible additional or alternative interpretation of the third isomer U8,11,0-aM.ol,
could be the presence of a G2S instead of I2S, taking into account that traces of 2-O-sulfated glucuronic
acid were detected by NMR, but further investigation is required to confirm the exact structure. In the
deca-HA subfraction three main decameric species were detected: U10,12,1-aM.ol, which is supposed
to contain the I-ANAc,6S-G-A*-I2S-ANS,6S sequence; U10,13,0-aM.ol and U10,14,0-aM.ol, where both
containing the fully N-sulfated AT-bs. As anticipated by the NMR results, the decasaccharide species
containing a ring contracted unit (Rc) was recovered in the deca-NA fraction.

3. Materials and Methods

3.1. Materials

Dalteparin samples used in the present study were from different lots of injectable Fragmin®

(Pfizer), named as follows: Frag-1 (lot 96223A51), Frag-2 (lot 96218B51), Frag-3 (lot 96231A51),
Frag-4 (lot 96238A51), Frag-5 (lot 96240B51), Frag-6 (lot 96242A51), Frag-7 (lot 96228A51), Frag-8
(lot 96235A51), Frag-9 (lot 96225A51), Frag-10 (lot 96246A51) and Frag-11 (lot Z06358). Heparinases I
(EC 4.2.2.7), II and III (EC 4.2.2.8) were purchased from Grampian Enzymes (Aberdeen, Scotland, UK).
Dibutylamine (>99.5%), methanol (LC-MS grade), acetonitrile (LC-MS grade), acetic acid (glacial
99.9%), formic acid (98-100%), ammonium chloride (>99.5%), potassium phosphate monobasic
were purchased from Sigma-Aldrich (Milan, Italy); sodium acetate was from Merck (Milan, Italy),
and calcium acetate (>97%) from BDH (VWR Milan, Italy).
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3.2. Fractionation by Size-Exclusion Chromatography

Fractionation by SEC to isolate octasaccharide and decasaccharide fractions was performed either
on Biogel P10, as previously described [20] or Biogel P6. Briefly, on Biogel P6 column (5 × 190 cm)
300-350 mg sample dissolved in 5 mL purified water were loaded and eluted with 0.25 M NH4Cl
at a flow rate of 1.8 mL/min. The flow-through was collected in about 8 ml fractions and their
UV absorbance was detected at 210 nm. Elution profile obtained by Biogel P6 is presented in
additional material. Fractions of interest were collected and pooled. The pool volume was reduced to
approximately 5 mL by evaporation under reduced pressure.

3.3. Desalting of Oligosaccharide Fractions

Desalting was performed using TSK-gel HW40S Toyopearl (Tosoh Bioscience, Yamaguchi, Japan)
column 2.6 cm × 60 cm, particle size 20–40 μm. Samples were loaded onto the column and elution
was performed in 10% EtOH in water at a flow rate of 1.4 mL/min. Two-point-one ml fractions were
collected using a fraction collector. Absorbance at 210 nm was evaluated for each fraction. Fractions of
interest were collected, pooled and lyophilized.

3.4. Affinity Chromatography on AT-Sepharose

Fifteen mg of octa and decasaccharide samples were dissolved in 5 mL equilibrium buffer
(Tris-HCl 50 mM, pH 7.4, NaCl 50 mM), loaded onto a 30 mL of AT-Sepharose column (2 × 9.5 cm) and
eluted first with 90 ml of equilibrium buffer to recover a fraction devoid of affinity for AT (NA), then
with 90 mL of Tris-HCl 0.05M pH 7.4, 2.5 M NaCl, to recover a high affinity fraction (HA), at a flow
rate of 0.5 mL/min. The flow-through was collected into 26 sub-fractions, 13 for NA and 13 for HA.
Each sub-fraction was analysed for the uronic acid content [25]. HA and NA fractions were desalted as
previously described [20].

3.5. NMR

Samples (8–20 mg) were dissolved in deuterium oxide containing 0.12 mM TSP (0.6 mL). NMR
spectra were measured on a Bruker AVANCE III 600 MHz spectrometer or on a Bruker AVANCE IIIHD
500 MHz spectrometer (Bruker, Karlsruhe, Germany), both equipped with a 5 mm TCI cryo-genic
probe. Proton spectra were measured with water suppression (decoupling power corresponding to
5 Hz linewidth). HSQC experiments (hsqcetgpsisp2.2 Bruker pulse sequence) were performed at 303
K, by using 32 dummy scans; from 60 to 48 scans; 2 s (500 MHz) or 2.5 s (600 MHz) relaxation delay;
8 ppm (F2) and 80 ppm (F1) spectral width; transmitter offset was set at 4.7 ppm(F2) and 80 ppm (F1);
1024 points were collected in F2 and 320 increments in F1. Zero filling was applied to 4k in F2 and,
in F1, linear prediction to 640 points and zero filling to 1k; a 90 shifted squared sine bell-function was
applied in both dimensions. Spectra were integrated by using the standard Topspin routine using
rectangular integration domains with manual adjustment of regions according data published [19].

3.6. Exhaustive enzymatic Depolymerization with Heparin Lyases

Heparinase I, II, III. Each sample (20 μL of a 20 mg/mL solution in water) was incubated at 25 ◦C
for 48 h in a total volume of 160 μL, containing 20 μL hep.ase I, II and III (0.4 IU/mL of each heparinase
in 10 mM K2HPO4 buffer, pH 7.0) and 120 μL of 100 mM sodium acetate buffer pH 7.0, containing
2 mM of calcium acetate and 0.1 mg/mL bovine serum albumin (BSA).

Heparinase III. Each sample (20 μL of a 20 mg/mL solution in water) was incubated at 25 ◦C
for 48h in a total volume of 160 μL, containing 20 μL hep.ase III (0.4 IU/mL 10 mM K2HPO4 buffer,
pH 7.0) and 120 μL of 100 mM sodium acetate buffer pH 7.0, containing 2 mM of calcium acetate and
0.1 mg/mL BSA.

Enzyme inactivation. At the end of each incubation, enzymes were inactivated by a 2-min heating
at 100 ◦C, and sample solutions were filtered onto 0.22 μm membrane.
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3.7. LC-MS Analysis

Chain mapping analyses of intact samples were run on UHPLC system (Platin Blue, Knauer,
Berlin, Germany) coupled to ESI-Ion Trap mass spectrometer (amaZon SL, Bruker Daltonics, Bremen,
Germany). 5 μL of sample solution, prepared at the concentration of about 5 mg/mL, was injected on
C18 Blue Orchid (150 mm × 2.0 mm i.d., 1.8 μm particle size, Knauer) column (maintained at 40 ◦C)
and run at the flow rate of 0.3 mL/min, by the mobile phases A (10 mM pentylamine, 10 mM acetic
acid in water/acetonitrile 95:5 v/v) and B (10 mM pentylamine, 10 mM acetic acid in acetonitrile)
according to the following gradient: isocratic step at 15%B for 1 min, followed by a linear gradient
from 15% to 40% B in 31 min; then, column washing by a gradient until 100% B kept for 5 min and
reconditioning in the initial conditions were performed. The electrospray interface was set in negative
ionization mode (Spray Voltage +4200 V), to record total ion current profiles in the m/z 300–2000 mass
range. Nitrogen was used as a drying (9 L/min) and nebulizing gas (30 p.s.i.) and the ion transfer
capillary was kept at 200 ◦C.

Building blocks composition and fragment mapping analyses were run on HPLC system (Ultimate
3000, Dionex, Sunnyvale, CA, USA) connected to ESI-Q-TOF mass spectrometer (micrOTOFQ, Bruker
Daltonics). Sample solutions at the concentration of 2 mg/mL in water were injected on C18 KINETEX
column (100 mm × 2.1 mm i.d., with 2.6 μm particles, Phenomenex, Aschaffenburg, Germany) hold
at room temperature and run by mobile phases A (10 mM dibutylamine and 10 mM acetic acid in
water) and B (10 mM dibutylamine and 10 mM acetic acid in methanol) at 0.1 mL/min. Analyses
of heparinases I, II, III digestion products were performed by injecting 5 μL of sample solution and
eluting according to the following gradient: isocratic step at 2% B for 10 min, followed by a linear
gradient to 60% B in 90 min and final steps of column washing and reconditioning. The separation
method of heparinase III digestion products (injection volume of 10 μL) comprised an isocratic step of
5 min at 10% B, a linear gradient from 10% to 50% B in 55 min and a second linear gradient from 50% B
to 90% B in 80 min, followed by column washing and reconditioning.

Mass spectrometry detector was set in negative polarity (Capillary voltage: +3200 V) in the mass
range from m/z 200 to m/z 2000; nitrogen gas, used as nebulizer and heater gases, was set at 0.9 bar
and 7.0 L/min, respectively; the ion transfer capillary was held at 180 ◦C.

Oligosaccharide fractions were run on Agilent 1100 HPLC system (Agilent Technologies, Santa
Clara, CA, USA) coupled to ESI FT-ICR mass spectrometer (Solarix, Bruker Daltonics). Sample solutions
at concentration of 10 mg/mL were injected (2 μL) on C18 KINETEX column (100 mm × 2.1 mm i.d.,
2.6 μm partcles size, Phenomenex) held at room temperature and run by mobile phases containing
10 mM dibutylamine and 10 mM acetic acid (A: in water 100%, B: in methanol 100%) at 0.1 mL/min
according to the following steps of linear gradient: from 50% B to 57% B in 5 min, from 57% B to 80% B
in 52 min , from 80% B to 90% B in 16 min; then, 90% B was kept for 10 min and followed by column
conditioning in the initial conditions. MS conditions were: capillary voltage at + 3200 V, nebulizer gas
1.0 bar, drying gas 3.7 liters/min, ion transfer capillary temperature 180 ◦C, mass range 200–3000 m/z.

Calibration of ESI-Q-TOF mass spectrometer was performed by using water -isopropanol 1:1
v/v solution containing HCOOH 0.2% and 5 mM NaOH; the ESI FT-ICR MS system was calibrated
using sodium trifluoroacetate solution (0.05 mg/mL in water: acetonitrile 50:50 v/v), while low
concentration tuning mix (Agilent Technologies) was employed for the mass range calibration of
the ion trap detector. The LC-MS profiles and mass spectra were elaborated using the DataAnalysis
software (Bruker Daltonics).

Octa-HA, octa-NA, deca-HA and deca-NA were run on an Agilent 1100 HPLC system (Agilent
Technologies) coupled to an Esquire 3000 Plus (Bruker) as mass detector. Reversed-phase separation of
LMWH fractions was carried out on a C18 KINETEX column (100 mm × 2.1 mm i.d., 2.6 μm partcles
size, Phenomenex). Typically, 10 μg of each LMWH fraction was injected onto the column. The column
was first eluted in isocratic conditions with 80% Solvent A (20 mM dibutylamine, 20 mM acetic acid
in water) and 20% Solvent B (20 mM dibutylamine, 20 mM acetic acid in methanol) for 20 min. Then
gradient elution gradient from 20% B to 40% B was applied followed for 10 min. The column was
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eluted at 40% B for 10 min. Subsequently, a 20 min gradient from 40% B to 90% B was applied and
once 90% B was reached, this was kept for 10 min. Column conditioning for subsequent injections was
established by a 5 min gradient from 90 % B to 20 % B and a 30 min equilibration at this solvent mixture.
The flow rate and column temperature were maintained at 0.15 mL/min and 25 ◦C, respectively,
throughout the run. The Chemstation software (Agilent Technologies) was used for instrument control.

Mass spectrometric analysis were performed on an Esquire 3000 Plus electrospray ion trap (Bruker
Daltonics). Acquisition parameters for ESI-ion trap mass spectrometer were (set) negative polarity, mass
range 300–1000 m/z, capillary +3166 V, nebulizer gas 60.0 psi, dry gas 12.0 L/min, dry temperature 350 ◦C.

4. Conclusions

In the present work, a combination of different methods for detailed structural investigation
of dalteparin was proposed. The strategy involves a first analysis of the whole samples through
a bi-dimensional NMR study, to determine the molar percentage of all differently substituted
glucosamine and uronic acids. In parallel, high resolution LC-MS study was performed both on
the whole samples and on their fragments obtained by digestion with a cocktail of heparinases I,
II, III and heparinase III alone. For a more in-depth investigation, the same combined NMR and
LC-MS approach was applied also to two size homogeneous oligosaccharide fractions, precisely octa
and decasaccharides, and further on their sub-fractions endowed with and devoid of affinity toward
AT. High resolution LC-MS approach applied provided information that was complementary to that
produced by HSQC NMR, allowing to obtain an accurate and detailed picture of the oligomeric
composition of dalteparin. The application of orthogonal analytical methods to the study of size
homogeneous oligomeric families and of their HA and NA components permitted to identify a number
of sequences, especially among the octasaccharide components endowed of affinity to AT.

The overall analytical approach here reported represents an effective strategy for comparative
studies of dalteparin samples, either concerning the assessment of batch-to-batch variability or the
appraisal of biosimilar drugs.

Supplementary Materials: The following are available online. Figure S1: LC-MS analysis of dalteparin Frag-5
following heparinase III digestion: confirmation of A5,8,0-aM.ol composition by ICR-FT-MS. Figure S2: LC-MS
analysis of dalteparin Frag-5 following heparinase III digestion: confirmation of A7,11,0-aM.ol composition by
ICR-FT-MS. Figure S3: Elution profiles on Biogel P6 of dalteparin samples Frag-1–Frag-4. Figure S4: Elution
profiles on Biogel P6 of dalteparin samples Frag-5–Frag-8. Figure S5: Elution profiles on Biogel P6 of dalteparin
samples Frag-9–Frag-11. Table S1: Oligosaccharide family identified by LC-MS chain mapping in all the analysed
dalteparin samples Frag-1–Frag-11: mass signal assignment. Table S2: Oligosaccharide fragments produced
by heparinases I, II, III digestion observed in all the analysed dalteparin samples Frag-1–Frag-11: mass signal
assignment. Table S3: Oligosaccharide fragments produced by heparinase III digestion observed in all the
analysed dalteparin samples Frag-1–Frag-11: mass signal assignment. (*) In blue, species observed in the
untreated sample too.
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Abstract: Danaparoid sodium salt, is the active component of ORGARAN, an anticoagulant and
antithrombotic drug constituted of three glycosaminoglycans (GAGs) obtained from porcine intestinal
mucosa extracts. Heparan sulfate is the major component, dermatan sulfate and chondroitin sulfate
being the minor ones. Currently dermatan sulfate and chondroitin sulfate are quantified by UV
detection of their unsaturated disaccharides obtained by enzymatic depolymerization. Due to the
complexity of danaparoid biopolymers and the presence of shared components, an orthogonal
approach has been applied using more advanced tools and methods. To integrate the analytical
profile, 2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy was applied and
found effective to identify and quantify GAG component signals as well as those of some process
signatures of danaparoid active pharmaceutical ingredient (API) batches. Analyses of components of
both API samples and size separated fractions proceeded through the determination and distribution
of the molecular weight (Mw) by high performance size exclusion chromatographic triple detector
array (HP-SEC-TDA), chain mapping by LC/MS, and mono- (1H and 13C) and bi-dimensional
(HSQC) NMR spectroscopy. Finally, large scale chromatographic isolation and depolymerization
of each GAG followed by LC/MS and 2D-NMR analysis, allowed the sequences to be defined and
components to be evaluated of each GAG including oxidized residues of hexosamines and uronic
acids at the reducing ends.

Keywords: danaparoid sodium; low molecular weight glycosaminoglycans; orthogonal
multi-analytical methods; sequence and compositional investigations; component quantitative
analysis

1. Introduction

Danaparoid sodium, constituted by a mixture of Low Molecular Weight (LMW) heparan sulfate
(HS), dermatan sulfate (DS), and chondroitin sulfate (CS), extracted from porcine intestinal mucosa,
is the active component of ORGARAN an anticoagulant and antithrombotic drug approved for
prophylaxis of post-operative deep-vein thrombosis. Its beneficial effect upon factor IIa (thrombin) is
shown by the anti-factor Xa/IIa ratio more than that of heparin [1–3].

A weight/weight (w/w) percentage maximum of 8.5% of CS and in the range of 8.0% up to 16.0%
for DS, have been specified and quantified by an enzymatic method reported in the danaparoid
monograph of the EC-Pharmacopoeia [4]. The chondroitinase selective depolymerization of
galactosaminoglycans to UV detectable unsaturated disaccharides was originally developed to quantify

Molecules 2017, 22, 1116 130 www.mdpi.com/journal/molecules



Molecules 2017, 22, 1116

CS and DS present in API heparin batches. Alternative more feasible NMR quantifications have been
developed for the components of danaparoid API batches [5] and for heparin composition [6].

The linear polymers HS, CS, and DS are the most abundant mucopolysaccharides in the body
and ubiquitous components of connective tissue and cartilages. As other extracted and purified
glycosaminoglycans (GAGs), they show high size, mean molecular weight (Mw) 50 kDa and
heterogeneous chains [7] too great to be fully characterized as they are. Therefore, they must be
partially/fully depolymerized by enzymatic or chemical methods. Lyase enzymes generally cleave
hexosamine–uronic acid bonds and the final products of their exhaustive digestion are disaccharides
bearing at the non-reducing end (NRE) a 4,5-unsaturated (Δ) uronic acid. Nitrous acid is also used
to cleave hexosamine N-sulfated bonds at pH 1.5 and free hexosamine at pH 4.0 [8] leading to an
anhydromannose at the reducing end (RE) of the depolymerized fragments. CS-A and CS-C, bearing
a common repeating unit of D-glucuronic acid β-3-D-N-acetylgalactosamine β-4 (GlcA β-3-GalNAc
β4) differ in sulfation degree of the 4-O and 6-O positions of GalNAc. DS, also known as CS-B, is
a variant bearing a number of GlcA units epimerized to L-iduronic acid (L-IdoA), some of them
2-O sulfated (IdoA2S). HS, expressed on cell surface and basement membranes is a linear, highly
heterogeneous, acidic GAG, in nature mainly bound to core proteins in proteoglycans. Depending on
the core protein, cell types and cellular environment, the HS polysaccharides show an average chain
size ranging from 5 up to 50 KDa and a polydispersity of 1.05–1.6 [7]. In the Golgi apparatus of most
mammalian cells the HS precursor, constituted by the alternating (1–4) linked β-D-glucuronic acid
α-N-Acetyl D-glucosamine (GlcA-GlcNAc) is synthesized. In the following complex biosynthetic steps
some GlcA units are epimerized to IdoA and partially 2-O-sulfated (IdoA2S) while some GlcNAc are
N-deacetylated, N-sulfated as well as 3-O and/or 6-O-sulfated leading to a plethora of diverse HS
chains. Porcine intestinal mucosa is a source of HS usually in a mixture with CS and DS, remaining
after the extraction of heparin [9].

To define compositional and structural characteristic of API samples an orthogonal analytical
approach, already adopted for detecting potential contaminants in API heparin batches, was applied
for this study [10,11].

At first, danaparoid API was characterized using NMR spectroscopy, mass spectrometry, and
molecular weight determination. This allowed a general picture to be obtained of the API in which HS
was observed to be the most abundant component in danaparoid. With the aim of also investigating the
galactosaminoglycan component, a study was carried out. The structural information here obtained
was fundamental for the subsequent part, where two paths were followed to go deeper into the
characterization work: (1) fractionation of danaparoid by size and (2) isolation of the two GAG
families, which are HS and CS/DS. Both groups of fractions were fully characterized as the parent
sample, benefitting from the complementary information coming from the applied analytical methods.

2. Results

2.1. Danaparoid API Samples

Seven danaparoid API batches and their related size separated fractions were submitted for a
full characterization by nuclear magnetic resonance experiments, mass spectrometry, and molecular
weight determination.

A study in depth of digested products obtained by chondroitinase ABC (ChABC) digestion
treatment (Section 2.2) and the pilot study on size exclusion chromatography (SEC) fractions, described
in the first part of Section 2.3.3, were conducted only on one sample.

2.1.1. Determination of Molecular Weight Parameters

Analysis of molecular weight distribution was performed on seven API samples of danaparoid
using high performance size-exclusion chromatography (HP-SEC) on polymeric columns, combined
with a triple detector array (TDA) and UV detector. Using a 0.1 M NaNO3 aqueous mobile phase,
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comparable Gaussian profiles exemplified in Figure 1a, were obtained by refractive index, viscometer,
and right-angle laser light scattering [12,13].

Figure 1. Size-exclusion chromatography profile of a danaparoid sample (CAT272): (a) red—refractive
index (mV), blue—viscometer (mV) and green—right-angle laser light scattering (mV) detectors; (b) UV
(mV) detector.

The software processed data of number average molecular weight (Mn), weight average Mw, and
polydispersity (Pd) of analyzed samples were calculated as the mean of two runs. The values of Mn,
Mw, and Pd ranging between 3300–3400 Da, 4200–4600 Da, and 1.27–1.36 respectively, indicate for the
danaparoid analyzed samples small variation, near to the experimental error (5%).

The non-Gaussian profiles, obtained by UV detection at 260 nm (the eluent suppressed the lower
λ signals) (Figure 1b) suggest an inhomogeneous distribution of different components of the complex
GAG mixture. This could be ascribed to galactosaminoglycans that are present in high concentration
in the higher Mw chains eluted which contain higher molar concentration of UV absorbing N-acetyl
groups in comparison to the HS chains of lower Mw and N-acetyl content.

2.1.2. Determination of Sulfate to Carboxylate Ratio

The sulfate-carboxylate ratio, expressing the average disaccharide charge density, was determined
in duplicate for all samples by a conductimetric titration method previously reported [14].

The resulting mean ratio of each sample, comprised in the narrow interval 1.19–1.32, indicated
a substantial sample equivalence for the sulfation degree, considering the intrinsic variability of the
extracted natural GAG components of API danaparoid.

Over the last forty years, the mean ratio values of several analyzed GAG samples, determined in
our laboratories with the same method, were found in the range of 1.0–1.2 for CS and DS, 1.0–1.8 for
HS and 2.1–2.8 for API porcine mucosal heparin.

2.1.3. Compositional Analysis by 1D and 2D NMR Spectroscopy

Both 1H and 13C one-dimensional NMR spectra of the samples have similar profiles, in Figures 2
and 3 a proton and a carbon spectra are displayed as examples.

In the proton spectra, the most evident difference is detected in the region of N-acetyl signals at
2.0–2.1 ppm which is correlated to the variable content of galactosaminoglycan components among
samples [10,11,15]. Signals of N-acetyl galactosamine of CS are observed at 2.02 ppm, while that of
DS is at 2.08 ppm. On the other hand, GlcNAc signals of HS are detected at 2.04 and 2.06 ppm, while
those of oxidized N-acetyl hexosamine (ANAc-ox) are at 2.1 ppm (Figure 2b) [16–18]. A comparison
between acetyl regions of different samples is reported in Figure S1.

13C-NMR spectral analysis allowed signals to be attributed to each danaparoid component
(Figure 3) confirmed by HSQC NMR spectra (Figure 4) and comparison with the corresponding
literature data [15].
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Figure 2. Example of 1H-NMR spectrum of a danaparoid sample (CAT272): (a) whole spectrum;
(b) expansion of the acetyl region.

 
Figure 3. Example of 13C-NMR spectrum of a danaparoid sample (CAT272): (a) anomeric region;
(b) ring carbon region. Black: signals attributed to heparan sulfate (HS); Blue signals attributed to
chondroitin sulfate (CS) and dermatan sulfate (DS).

Figure 4. Example of 2D Heteronuclear Single Quantum Coherence (HSQC) NMR of a danaparoid
sample (CAT272): (a) anomeric region; (b) ring region. Black: signals attributed to HS; Blue: signals
attributed to DS and CS. Abbreviations in Table S1.
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Heteronuclear single quantum coherence spectroscopy (HSQC) 2D NMR experiments on
danaparoid samples were recorded by adapting the method recently validated for heparin samples [6].

The qualitative observation of 2D NMR spectra (Figure 4) allows the observation that the majority
of peaks can be attributed to the HS component. In the ring region different signals correspond to
glucosamines with various sulfation and acetylation substitution (such as ANS, A2*, ANAc, A6OH, and
A6S, abbreviations in Table S1); moreover, the signals corresponding to N-acetylated galactosamines
and their NRE are present and shown as GalNAc and GalNAc_NR.

In the area 4.6–4.2/57–61 ppm peaks associated to H2/C2 of N-acetyl hexosamine oxidized at
the RE due to a bleaching process are observed. The assignments of this group of signals are done
based on both literature [17–19] and experimental data: the cross-peak at 4.47/58.3 ppm is attributed
to the oxidized N-acetylgalactosamines of CS/DS component (GalNAc-ox), whereas the signal at
4.37/58.9 ppm, shown as ANAc-ox, is assigned to oxidized reducing end (N-acetylglucosaminic
acid) as described in [16,17]. The other peaks in the same area, displayed as ox1 and ox2, are
associated with HS component because they are absent in the enriched CS/DS fractions described in
Section 2.4. The hypothesis is that they can be associated to similar oxidized reducing ends on different
oligosaccharidic sequences.

In the anomeric region, together with the HS signals, peaks related to DS and CS are displayed
(I_DS, I2S_DS, G-GalNAc,4S and G-GalNAc,6S): the uronic acids of both components are useful for
the characterization of the API samples.

The assignment of the peak at 5.18/104.2 ppm, previously reported [18], is confirmed as
H1/C1 α-L-iduronic acid linked to oxidized N-acetylglucosamine (abbreviation I-(ANAcox)) by 2D
NMR experiments.

The integration of characteristic signals of each component allows every contribution to be
calculated and produces a detailed characterization of HS in a sample as shown in Tables 1 and 2.

For the analyzed samples, HS, DS, and CS the percentage ranged from 77.6–88.4%, from 9.0–16.8%
and from 2.3–8.0%, respectively. The present NMR quantification was useful for the comparability
of API batches. The comparability of the NMR method with the EU Pharmacopeia enzymatic
method is ongoing. The NMR method should be not compared equally to the EU Pharmacopeia
enzymatic method.

The composition of HS in different danaparoid batches was found very similar, supporting
the validity of the process used to extract and purify the product. Moreover, the low percentage
of 6-O-sulfation, agrees with the typical composition of an HS structure [20]. The sulfation degree,
calculated from the NMR data, confirm the similarity of the HS composition. Values are in the range
between 1.62 and 1.70 with an average value of 1.65. The IdoA/IdoA2S ratio of DS and CS-A/CS-C
ratio is also similar to that of galactosaminoglycans extracted from porcine mucosa (Table 3) [21].

Table 1. Percentage of glucosamine residues of heparan sulfate (HS) of one danaparoid sample
(CAT272). A* corresponds to 3-O,N-sulfated glucosamine according with the abbreviations shown in
Table S1.

A * ANAc αred ANAc-(I) ANAc-(G) ANAc-ox ANS αred ANS βred ANS-(G) ANS-(I) ANS-(I2S) A6S

2.2 0.9 0.3 23.4 4.4 1.7 0.4 11.4 19.3 33.5 48.4

“A *” means 3-O,N-sulfated glucosamine according with the abbreviations in Table S1.

Table 2. Percentage of uronic acid residues and sulfation degree of HS of one danaparoid (CAT272).
(Abbreviations are in Table S1.)

I2S I-(A6S) I-(A6OH) I-(ANAcox) G-(ANS) G-(ANAc) Sulfation Degree

43.5 11.2 6.7 3.2 13.3 22.1 1.63
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Table 3. Sulfate distribution (percentage) of dermatan sulfate (DS) and chondroitin sulfate (CS) of one
danaparoid sample (CAT272). (Abbreviations in Table S1.)

DS CS

I2S I G-(GalNAc,4S) G-(GalNAc,6S)

8.7 91.3 80.0 20.0

2.1.4. Chain Mapping by HPLC/ESI MS

An optimized LC/MS method allowed fingerprints of all the samples to be recorded and
compared. The ion pair reversed phase high performance liquid chromatography (IPRP-HPLC)
coupled to electrospray ionization mass spectroscopic (ESI-TOF MS) detection achieved partial
separation of chain components and first level structural assignment. The presence in danaparoid
GAGs of epimeric hexosamines required an optimization of the method successfully applied for chain
mapping of LMWHs [22,23].

Dibutylamine, the ion pair in the mobile phase, interacting with sulfate groups allowed a better
peak resolution when an initial isocratic mode was followed by a linear gradient elution (Figure S2).
Good repeatability in three consecutive days and inter-day precision of LC/MS chromatograms was
obtained and shown in Figure S3.

Comparable profiles were obtained for all the samples showing common oligosaccharidic peaks
ranging from 1200 up to 7000 Da. Complete base peak chromatogram of sample CAT272 was shown
in Figure 5a: minor fluctuations were observed for some samples in the chromatogram portions at
30–40 min and at 75–85 min.

Figure 5. Liquid Chromatography-Mass Spectrometry (LC-MS) profiles: (a) one danaparoid sample
CAT272; (b) ChABC danaparoid digestion product CAT469; (c) UV chromatogram at 232 nm of CAT469.

Only the most representative mass signals were attributed to the HS structures: several even and
odd chains having 16 additional mass units than the regular oligosaccharidic sequences were identified
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and, supported by the previous NMR data that highlighted the presence of oxidized residues at the
reducing ends, identified as 1-carboxy N-acetyl hexosamine [17,18].

2.2. Structural Study of One Danaparoid Sample

Compared to the natural porcine HS, the major component of danaparoid showed some structural
modifications that could occur on galactosaminoglycan minor components of danaparoid and need to
be further investigated.

One API sample was submitted to digestion with ChABC, the digest was analyzed by 1H-NMR
and its main signals were assigned to HS sequences. Comparing the N-acetyl region signals with those
of the starting material a reduction of DS contribution (Figure S4) became evident; while at 5.9–6.0 ppm
the signals of 4,5- unsaturated (Δ) uronic acids at the NRE produced by lyase were observed.

The same mixture was analyzed by LC-MS: the profile showed that the first eluted species (0 to
30 min) generated by the depolymerization of CS/DS could be detected at 232 nm for the presence of
4,5- unsaturated uronic acid due to the lyase action, followed by intact HS species detectable only by
MS (Figure 5b,c).

This phase was focused on CS/DS oligosaccharides and among them two species with mass
value of 934 (m/z 466 (z-2) RT 10’) and 1050 (m/z 524.0 (z-2) RT 20’) were detected (Figure 5b) and
submitted to MS/MS fragmentation. Two species were identified: one as an unsaturated disulfated,
di-N-acetyl tetrasaccharide bearing at the RE an oxidized N-acetyl galactosamine residue (ΔU4,2,2(T1))
and an unsaturated disulfated, di-N-acetyl pentasaccharide with a remnant (Ra) at the RE (ΔU5,2,2(Ra))
(Figure 6).

Figure 6. Mass spectra of chromatographic peaks * and $, respectively (as labelled in Figure 5b)
and corresponding to structures identified by MS/MS fragmentation experiment (data shown in
supplementary material Figures S5 and S6): (a) fragment at m/z 466.0501 (z-2; M 934) attributed to
ΔU4,2,2(T1); (b) fragment at m/z 524.0541 (z-2; M 1050) attributed to ΔU5,2,2(Ra). The substitution
pattern of DS was used.

The MS/MS spectra show the fragmentation pattern obtained by collision induced dissociation
(CID) and structure annotation of numerous product ions allowed to elucidate the structure of the
unknown parent ion (Figures S5 and S6). In particular, the characteristic ion product at m/z 316.0
(z-1) in the MS/MS spectrum of the first tetrasaccharide (M 934), revealed the oxidized galactosamine
residue (ANAc,S +O labelled T1) which differs by 16 mass units from its regular form, as similarly
observed for HS in Section 2.1.4. While the CID product ion at m/z 352.1 (z-1) generated from the
second oligosaccharide (M 1050) resulted in being particularly informative for the confirmation of Ra
terminal (ANAc + C4H4O5).
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Considering the whole profile, the main peaks were integrated and their assignments underlined
such that the expected final product of the enzymatic cleavage ΔU2,1,1 was accompanied by the variant
bearing a remnant Ra at the reducing end ΔU3,2,1(Ra). Other peaks were assigned to sequences having
modified terminals T1 or Ra such as the oligosaccharides ΔU6,2,3(T1) and ΔU7,2,3(Ra), but also odd
regular species such as the hexosamine A1,1,1, and trisaccharides A3,2,2 and A3,3,2 as well as the
pentasaccharide ΔU5,2,2 bearing a uronic acid at the RE.

Since the digestion products detected in the mixture highlighted the presence of oligomers longer
than the expected disaccharides, the conditions for an exhaustive depolymerization with ChABC were
verified using a higher quantity of enzyme and repeating the reaction on the same sample, without
improvement as checked by NMR. Therefore, the enzymatic efficiency was likely decreased by the
presence of oxidized and remnant residues at the RE.

This study allowed the presence of unusual reducing ends on CS/DS component to be highlighted:
the experimental data agreed in that T1 modification was observed on the galactosamine at the reducing
end, while the terminal Ra occurred on uronic acid at the RE.

2.3. Preparative Size Exclusion Chromatography of API Danaparoid Samples

Seven batches of danaparoid (CAT271-277) were submitted to preparative gel filtration (SEC) on
a Biogel P6 column. Comparable UV curves were detected for all the samples, an example with the
indication of the collected fractions is displayed in Figure 7: the molecular weight decreases from A
to N.

Figure 7. Preparative size exclusion chromatography (SEC) fractionation chromatographic UV 210 nm
profile of a danaparoid (CAT277).

2.3.1. Determination of the Mw Distribution of SEC Fractions

The Mw distribution of fractions A, B, and C of all the seven API samples was determined and
the results, reported in Table 4, showed comparable ranges of weight average Mw and polydispersity.
The fraction A, constituted by the highest Mw components, was at the limit of the Biogel P6
chromatographic separation efficiency.

Table 4. Ranges of weight average molecular weight (Mw) and polydispersity (Pd) of SEC fractions of
seven danaparoid Active Pharmaceutical Ingredient (API) samples.

Fractions Mw (Da) Pd

A 8200–8800 1.14–1.17
B 5300–5700 1.06–1.11
C 4400–4700 1.05–1.11
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All SEC fractions (A–N) obtained from one danaparoid sample (CAT277) were analyzed for the
determination of molecular weight parameters (Table 5): components of the subsequent fractions
showed decreasing Mw and very low Pd values; the partial overlapping between adjacent fractions
was displayed by their Refractive Index (RI) profiles in Figure 8.

Table 5. Weight average Mw and polydispersity (Pd) of SEC fractions of danaparoid Active
Pharmaceutical Ingredient (API) sample CAT277.

Fractions A B C D E F G H I L M N

Mw (kDa) 8.2 5.4 4.4 3.9 3.3 3.0 2.8 2.5 2.3 2.1 2.1 1.9
Pd 1.17 1.06 1.06 1.04 1.05 1.06 1.05 1.05 1.05 1.04 1.04 1.01

Figure 8. Overlapping of normalized Refractive Index (RI) profiles of SEC fractions of a danaparoid
sample (CAT277): (a) fractions A–F, range volume 14–24.5 mL; (b) fractions G–N, range volume
20–24.5 mL.

2.3.2. 2D-NMR Spectroscopic Analysis of SEC Fractions of Danaparoid Samples

The 2D-NMR spectra of the danaparoid SEC fractions, considering some signals characteristic for
each component, allowed it to be underlined how the proportion of GAG species varies over fractions.

Inspection of the H2/C2 region displays that the galactosamine (CS/DS) signals had more or
equal intensity than those of glucosamine (HS) in the high Mw oligomers corresponding to fractions A
and B followed by a progressive decrease in the subsequent fractions up to being absent in fractions L,
M, and N.

The signal of C2/H2 of NS,3S,6S glucosamine (A2*) is present with variable intensity in almost all
fractions, up to being undetected or in traces in fractions A and B.

The peaks related to oxidized RE residues at 4.6–4.2/57–61 ppm were variably present in almost
all fractions.

The comparison between fractions obtained from different APIs was performed by analyzing the
anomeric regions of the HSQC spectra (Figure S7), considering the peculiar disaccharides, IdoA2S-GlcN
for HS, IdoA-GalNAc for DS and GlcA-GalNAc 4 and/or 6 sulfated for CS.

By visual inspection the highest content of CS and DS components was found in fraction A, the
intensity of their cross-peaks being superior to those of IdoA2S of HS, then decreasing gradually in
all the danaparoid samples, while the HS oligosaccharides increased upwards to become the sole
components in fractions L to N. The DS components seemed to be more abundant than those of
CS which disappeared early, as the signals of GlcA linked to GalN6S in comparison with those of
GlcA linked to GalN4S. Variation of the CS/DS component content and distribution was qualitatively
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evaluated in HSQC spectra and summarized as scores in Table 6, resulting in being slightly different
among the seven API danaparoid samples. This is considered normal for a natural extraction product.

Table 6. Variation of dermatan sulfate and chondroitin sulfate among SEC fractions of seven API
batches by qualitative observation of peculiar HSQC anomeric signals.

A B C D E F G H I L M N

CAT271
DS +++ +++ +++ +++ ++ ++ ++ ++ + − − −
CS +++ +++ +++ +++ ++ ++ ++ + − − − −

CAT272
DS +++ +++ +++ +++ ++ ++ ++ ++ ++ − − −
CS +++ +++ +++ +++ ++ ++ ++ + + − − −

CAT273
DS +++ +++ ++ ++ ++ ++ ++ + − − − −
CS +++ +++ ++ ++ ++ ++ − − − − − −

CAT274
DS +++ +++ ++ ++ ++ ++ + − − − − −
CS +++ +++ ++ ++ + − − − − − − −

CAT275
DS +++ +++ ++ ++ ++ ++ + − − − − −
CS +++ +++ ++ ++ + − − − − − − −

CAT276
DS +++ +++ ++ ++ ++ + + − − − − −
CS +++ +++ ++ + − − − − − − − −

CAT277
DS +++ +++ +++ +++ ++ ++ ++ ++ + − − −
CS +++ +++ +++ +++ ++ ++ ++ + − − − −

Where ‘−‘ = absent; ‘+’ = traces; ‘++’ = present; ‘+++’ = more present.

2.3.3. Sequencing of Danaparoid SEC Fractions by LC/MS Analysis

A pilot study by the IPRP-HPLC/MS method was addressed to sequence the SEC fractions of a
danaparoid sample (CAT277) (Figure 7) to achieve a first level structural assignment of components
and identify probable modified structures on shorter chains. This explorative study was conducted
by analyzing a restricted portion of each SEC fraction of the danaparoid sample, with the aim of
simplifying the expected complexity of sequences and eventually identifying structure modifications.
These selective analyses provided only a partial picture of the whole fractions but also the detection of
minor modified sequences useful for the study.

This approach led to the identification in the fractions E to N of few HS regular sequences
and a majority of HS chains bearing oxidized residues at the reducing end, likely 1-carboxylated
glucosamines, shown as T1 in Figure 9 [17–19] applying the code already used for the similar
modification on CS/DS (Section 2.2). Less abundant modifications were observed and displayed
as T2, T3, T4 and T5 (Figure 9).

Figure 9. Structures of oxidized Reducing End (RE) residues compatible with the observed m/z values
(the substitution pattern was in accordance with the observed species listed in Table 7).

In particular, the species exhibiting T2 and T3 end residues, detected in a minor peak of fraction N,
can be explained by further oxidation of the secondary alcohol and decarboxylation steps of terminal
T1 (Figure 10). Confirmation of the molecular formula is supported by a very low error (<10 ppm)
between experimental and theoretical mass values.
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Figure 10. Mass spectrum displaying the different oxidation forms of oligosaccharide U4,5,0 from M1

to M3 derivative: m/z 552.9907 (z-2, M1 1108) identified as U4,5,0 (T1); m/z 537.9860 (z-2, M2 1078)
identified as U4,5,0 (T2); m/z 522.9805 (z-2, M3 1048) identified as U4,5,0 (T3).

Concerning the T4 modification, observed in fraction H, only a high resolution MS measurement
allowed this oxidized residue to be discriminated from a regular structure.

The experimental mass signal at m/z 881.086 (z-2), shown in Figure 11, at first sight seemed to
correspond to the regular hexasaccharide U6,6,3 (sum formula C42N3O52H65S6). A more detailed
mass investigation, revealing a high mass error between experimental and theoretical values (22 ppm),
suggested another possible structure modification as U6,6,3(T4) corresponding to a sum formula of
C41N3O53H61S6, showing a good overlap of mass signals with a decrease of the error to 2 ppm.

Figure 11. Mass signal at m/z 881.086 (z-2): (a) experimental m/z and isotopic distribution;
(b) theoretical m/z and isotopic distribution corresponding to the regular structure of U6,6,3 (sum
formula C42N3O52H65S6); (c) theoretical m/z and isotopic distribution corresponding to the oxidized
structure U6,6,3(T4) (sum formula C41N3O53H61S6).
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In fractions F, H, and L, some mass values differing by two Daltons (-2H) with respect to the HS
regular sequences were observed. The hypothesis was that after the oxidation of carbon 1 a water loss
occurred to give the lactone (T5 in Figure 9) and lacking 2 Da. The mass accuracy of both T1 and T5
modifications found in fraction F was verified also by ESI-FT MS: the error on theoretical mass was
minor or equal to 1.5 ppm.

After the pilot study the same analytical method was applied to the SEC fractions isolated from
seven API samples. A qualitative observation of the LC profiles of the corresponding fractions showed
a good similarity mainly among fractions D to N, containing LMW chains. A higher variability was
observed among the first eluted fractions (A to C), containing mainly CS/DS high Mw chains endowed
with an intrinsic heterogeneity of natural extractive GAGs such as danaparoid and whose content
varied among API samples. A compositional analysis was performed integrating the main peaks
where the principal detected species were investigated: the structures were the same inside each
fraction group, while different oligomers were observed in different fractions.

The list of main species found in SEC fractions is shown in Table 7, together with the GAG
assignment and eventual additional species previously identified in the pilot study. Components
are indicated by: A for hexosamines or U for uronic acids as NRE residues, followed by three
numbers referring respectively to oligosaccharidic units, sulfate, and N-acetyl groups. The number of
oligosaccharidic units includes both RE and/or NRE variants (T1–T5 and Ra), examples of sequences
are shown in Figure 12. The assignment of the m/z value to a single GAG component was based on
the knowledge of their N-acetylated, N-, O-sulfated degrees.

Figure 12. Example of structures detected in SEC fractions, the modified RE are highlighted in the
boxes: HS sequences are displayed in the upper panel with the terminal T1 at the RE and with the
uronic acid or the glucosamine at the non reducing end (NRE) in even or odd oligomers, respectively.
CS/DS structures are shown in the lower panel (the substitution pattern of DS is used as example
because it is more abundant than CS): two possibly reducing ends are T1 and Ra, the galactosamine is
placed at the NRE.

The main components of fractions A–C were assigned to CS/DS, and those of fractions D to N to
HS components. Some unassigned mass values were present, but detected in all samples.
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Almost all the detected species showed a structural modification of the reducing end residue.
Oxidized hexosamine T1 was present in both CS/DS and HS sequences, while the remnant Ra, of
oxidized uronic acid, seems to be present only on CS/DS chains.

In principle, oxidation of reducing end residues can occur both on hexosamine and uronic acid [24].
Actually, whereas for odd sequences experimental mass data permitted the certain identification of
ending residues thus confirming the presence of T1 on RE hexosamine, for even sequences terminal
RE and NRE residues cannot be distinguished, and oxidized residues were not precisely assigned
accordingly. Considering the literature data [17,18], in Table 7 and Figure 12 the variant T1 was
attributed to the RE hexosamine of even sequences bearing a uronic acid at the NRE.

The terminal T5 (lactonized form of T2) was observed on both even and odd sequences as shown
in Figure 9 and Table 7.

Table 7. Main species detected in fractions A–N of 7 API samples.

Fraction Main Species in the Woul Fraction GAG
Species Detect at the Top of

the Fraction (Pilot Study)

A A19,10,10(T1) to A27,14,14(T1);
A20,10,10(Ra) to A26,13,13(Ra) CS/DS -

B A17,9,9(T1) to A21,11,11(T1); A16,8,8(Ra) to
A22,11,11(Ra) CS/DS -

C A13,7,7(T1) to A15,11,8(T1); A14,7,7(Ra) to
A18,9,9(Ra) CS/DS -

D
U10,9,3 to U10,10,3; A7,10,0(T1);
A11,10,6(T1) to A11,11,6(T1); U10,10,3(T1)
to U10,13,3(T1)

HS -

E U8,8,3(T1) to U8,10,3(T1); A11,8,2(T1) to
A11,14,2(T1) HS U8,10,2(T1); A11,14,1(T1)

F U10,6,2(T1) to U10,8,2(T1); U10,8,1(T1) to
U10,13,1(T1) HS U7,8,1(T5) to U7,10,1(T5);

U10,8,0(T5)

G A9,4,2(T1) # to A9,8,2(T1); A9,8,1(T1) to
A9,13,1(T1)

HS -

H U8,6,1(T1) to U8,10,1(T1); U6,6,3(T4) to
U6,8,3(T4) HS A9,6,2; A9,9,1 and A9,10,1;

U8,6,0(T5)

I A7,6,1 and A7,7,1; A7,5,1(T1) to A7,10,1(T1);
U6,4,1 to U6,5,1; U6,6,1(T1) HS A7,5,2(T1); U7,4,0(T5)

L A7,6,1; A5,5,1; A7,5,2 # to A7,6,2; U6,5,1(T1)
to U6,7,1(T1); U6,6,1(T5) # HS U6,3,0(T5) and U6,4,0(T5);

A7,7,1; A7,8,0 to A7,9,0; A7,9,1

M A5,4,1; U6,5,1 to U6,6,1; U6,6,0 to U6,9,0;
A5,4,1(T1) to A5,7,1(T1); A5,7,0(T1) HS A5,8,1(T1)

N A5,5,0 to A5,9,0; A5,5,1 and A5,6,1;
A5,5,1(T1); U4,5,0(T3) HS U4,5,0(T1); U4,5,0(T2)

# species not detected in one sample.

2.4. Isolation of GAG Components of Danaparoid and Compositional Analysis

Three danaparoid samples were chosen to perform the isolation of HS and CS/DS components,
based on their different content of HS-DS-CS that range from 78.0–87.2%, from 9.8–14.0% and from
3.0–8.0%, respectively (NMR data).

The parent samples were submitted to complementary procedures to depolymerize selectively
the two GAG families of danaparoid: for the isolation of HS the chondroitinase ABC was applied,
while the isolation of CS/DS was performed using heparin lyase III followed by a chemical reaction
using nitrous acid.
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The depolymerization methods, described in Section 5, led to the isolation of three enriched
fractions of HS and CS/DS. The weight recovery for the enriched HS fractions was about 78–81%,
while those of CS/DS range from 15–26%.

Both components were fully characterized by NMR, molecular weight distribution, LC-MS chain
mapping and only for HS fractions by LC-MS disaccharidic analysis as subsequently reported herein.

2.4.1. Molecular Weight Data

Molecular weight distribution was determined by triple detector array (TDA) for both families
of samples: the enriched CS/DS fractions range from 6200 to 7100 Da, while for those enriched HS
components the Mw varies from 3300 to 3500 Da and is consistent with the data of the SEC fractions.
The polydispersity is lower for the HS species (1.13) than for the CS/DS ones (1.19), both are lower
than the API samples.

In Figure 13 The Refractive Index (RI) profile overlay of a parent API sample and its enriched HS
and CS/DS fractions displays the presence of CS/DS components in the higher Mw with respect to
the API, as already observed in the NMR and MS data regarding the SEC study. On the other hand,
the enriched HS fraction is observed in the mid–lower Mw range.

Figure 13. Refractive Index profile overlay of a danaparoid sample (CAT272 in green), its enriched
CS/DS (red) and HS (blue) fractions.

2.4.2. NMR Observations

The 2D-NMR-HSQC assignments of the CS/DS component were done according to literature
data [19,25,26] as shown in the spectra of one CS/DS enriched fraction (Figure 14a): the chemical shifts
of 4.36/85.4 ppm and 4.19/76.8 ppm, in red, were in agreement with the positions C4’ and C5’ of
remnant Ra. While the CS/DS fraction does not contain signals of HS, the spectrum of the HS fraction
also shows signals typical of CS/DS oligomers, highlighted in red in Figure 14b.
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Figure 14. HSQC NMR spectra of CS/DS (a) and HS (b) fraction of danaparoid CAT272. Signals
belonging to CS/DS are circled in red.

The superimposition of the HSQC spectra of HS and CS/DS fractions with that of the danaparoid
starting material allows some peaks to be assigned correctly: signal at 3.90/55.5 ppm belongs to the C2
of the NRE GalNAc residue of CS/DS [25]. The signals in the oxidized region at 4.39/58.1 ppm and
4.27/59.5 ppm (shown as ox1 and ox2 in Section 2.1) belong to HS, being absent in the spectrum of the
CS/DS fraction (Figure 15).

Figure 15. Superimposition of HSQC spectra (C2 region) of a danaparoid sample (CAT272 in blue), its
enriched HS (red) and CS/DS fractions (green).

The composition of HS and CS/DS in the corresponding enriched fractions is very similar to that
found in the parent danaparoid samples, demonstrating the robustness of the methods of separation.

The enriched CS/DS fractions, free from HS, display DS as the most abundant species ranging
from 63–76%. On the contrary, the enriched HS fractions include a part of CS/DS that varies between
5% and 14%.

2.4.3. LC-MS Chain Mapping Analysis of CS/DS Fractions

The LC-MS analysis of enriched CS/DS fractions show the simplification of the region
of short chains (RT 20–40 min) due to the removal of the HS component by the analytical
depolymerization/purification procedure, and contemporarily the enrichment of CS/DS species
in the region of long chains (RT 50–90 min).

The investigation in depth of mass spectra at the apex of each peak allows the main mass signals
(Figure 16) to be assigned: CS/DS chains from A6,2,3 to A30,15,15 oligomers were identified (Table S2),
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almost all of them having both the oxidized variants T1 and Ra remnant due to the production process.
These results are in agreement with the data obtained by SEC fractions in which the CS/DS sequences
from A13,7,7 to A27,14,14 were identified. The isolation of the CS/DS component allowed their shorter
oligomers previously masked by the HS component in the API danaparoid sample to be detected.

Figure 16. LC-MS profiles comparison: (a) danaparoid sample CAT272; (b) CS/DS isolated from
CAT271; (c) CS/DS isolated from CAT272; (d) CS/DS isolated from CAT275.

The qualitative comparison of LC-MS profiles of the three isolated CS/DS samples underlines
a good similarity between the CS/DS fractions isolated from CAT272 and CAT271, while for those
isolated from CAT275 the lower molecular weight species (from 20 to 60 min) are less represented with
respect to the higher Mw ones eluting from 60 to 85 min in comparison with the other two samples.
This observation is in agreement with SEC data in which the variation of CS/DS content is displayed
as scores in Table 6 and for CAT275 their reduction is observed in longer fractions than for CAT271
and CAT272.

2.4.4. LC-MS Chain Mapping Analysis of HS Enriched Fractions

The enriched HS fractions were also analyzed by LC-MS and compared with danaparoid
(Figure 17).

The assignments were reported in accordance with the retention time, the majority of the peaks
(n.7–15) were attributed to HS oligomers with the modification T1. Regular sequences of HS were
observed with less intensity assigned to A5,6,0; A7,6,1; A7,5,0.

The comparison of the region from 30 to 45 min for the three isolated samples displayed slight
differences in the intensity of the peaks.

The comparison of isolated HS and danaparoid (Table S3) allowed the correspondence of HS
sequences in the isolated HS (peaks n.7–15) and in danaparoid (peaks from ‘c’ to ‘m’) to be observed; in
the range of shorter species (peaks n.1–6 and at 29.1 min) there were pentasaccharides with 3 acetyl and
hexa- and hepta-saccharides with a double bond on uronic acid, not present in the parent danaparoid
that should be related to the residual presence of CS/DS fragments from the enzymatic process and
not removed by purification steps (as already observed in NMR spectra).
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Figure 17. LC-MS profiles comparison: (a) danaparoid sample CAT272; (b) HS isolated from CAT271;
(c) HS isolated from CAT272; (d) HS isolated from CAT275.

To complete the compositional analysis, the HS enriched fractions, along with a nadroparin and a
heparin samples were submitted to enzymatic digestion using a mixture of heparinase I, II, III.

A qualitative inspection of the profiles highlighted a comparable oligosaccharidic composition
among the digestion products of all the enriched HS fractions, some differences were observed in the
nadroparin and heparin digest components (Figure 18).

Figure 18. LC-MS profiles of HS danaparoid (CAT272), nadroparin and heparin digested by
heparinases I, II, III.

The peaks identified by comparison with commercial standard disaccharides, were detected in all
digested samples. As regards the species obtained from the enriched HS fractions regular unsaturated
oligomers were observed together with some saturated odd and even sequences. Confirming the
previously described data, some tetrasaccharides with the variant T1 at RE were present, only a very

146



Molecules 2017, 22, 1116

low peak corresponding to an unsaturated monosulfated, N-acetyl disaccharide bearing the T1 at the
RE was detected supporting the hypothesis that the variants at RE inhibit the lyases.

An unsaturated tetrasaccharide with one acetyl and four sulfates was observed together with
some species, Δ4,3,1, A3,4,0, and A3,5,0 that should be related to the sequence AGA*IA not cleaved by
lyases [27,28].

Based on the ratio between N-acetylated and N-sulfated disaccharides, calculated by the
commercial standard disaccharides peaks, the enriched HS fractions were compared with nadroparin
and heparin. The data shown as percent in Table 8 allow the substantial different nature of heparin
to be underlined in respect of the glucosaminoglycan component of danaparoid that has an HS
structure [29,30]. This semi-quantitative analysis of N-acetylated/N-sulfated disaccharides ratio was
performed on extracted ion chromatograms (EIC) of mass signals corresponding to mass values of
disaccharides (the sum of ΔU-ANAc, ΔU-ANAc6S, ΔU2S-ANAc, ΔU2S-ANAc6S with respect to the
sum of ΔU-ANS, ΔU-ANS6S, ΔU2S-ANS, ΔU2S-ANS6S percent).

Table 8. Ratio percentage between disaccharides N-acetylated and N-sulfated.

Sample Ratio % N-acetylated/N-sulfated Disaccharides

HS-CAT271 41.4
HS-CAT272 39.0
HS-CAT275 39.2
nadroparin 16.8

heparin 13.2

3. Discussion

The danaparoid characterization was focused on a compositional study of intact API samples in
obtaining their general picture, followed by the study of fractions differing in size and of their GAG
components. Both APIs and their fractions were analyzed with complementary techniques following
an orthogonal analytical approach.

The analyzed API samples resulted in similar data for every applied technique such as NMR
spectra, LC-MS profiles, and HP-SEC-TDA curves; their variability was included in the natural
variation typical of extractive products.

Danaparoid was a low-molecular-weight mixture of HS, CS, and DS, confirmed by experimental
weight average molecular weight (Mw) ranging from 4200 to 4600 Da. The charge density determined
as sulfate-to-carboxylate ratio was between 1.19 and 1.32.

By analyzing the NMR spectra, it was confirmed that the main species is an HS glucosaminoglycan,
based on the sulfation/acetylation pattern. Dermatan sulfate and chondroitin sulfate were present
quantitatively as secondary and tertiary components, respectively. Among the peaks relative to regular
mono- or disaccharides of GAGs, some signals connected to the bleaching process were detected and
attributed to oxidized gluco-/galactosamine at the reducing end (shown as T1). This modification,
corresponding to the addition of one oxygen to the mass values of regular sequences, was confirmed
by mass spectrometry both on HS and CS/DS. During the in-depth study on the galactosaminoglycan
component, the remnant 3-O tartaric acid (Ra) at the RE was also detected.

The size fractionation was performed for all danaparoid batches and their fractions were submitted
for further studies. NMR spectra were evaluated by means of the main characteristic signals of each
component of danaparoid, through the variation of their anomeric peaks in every fraction and then
among the starting batches: for all APIs the highest quantity of CS/DS component was found in the
higher molecular weight fraction A, then decreasing down to fractions L, M, and N containing only HS.
The different CS/DS content as well as their different distribution could be explained by variation in
the starting natural sources. The presence of HS component in all fractions was ascertained by NMR.

The MS data of SEC fractions were evaluated qualitatively from the chromatographic profiles.
These showed slight variations among batches in the range of longer chains where the major variability
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was expected. From the compositional point of view, the chain size decreased and sequences varied
from fraction A to N, the main species found in the fraction of the same size of different API batches
had an analogue composition.

In particular, investigating the main mass values, the fractions A to C showed CS/DS sequences
having both T1 and Ra variants at RE; while in the subsequent fractions, structures attributed to HS
were identified and characterized not only by the most abundant reducing end variant T1 but also
by regular sequences and, less representative but structural interesting, variants T2, T3, T4, and T5.
The majority of the HS components of all fractions were found to be odd oligosaccharides with a
glucosamine (A) at the NRE; in fractions F and H only even sequences were identified; in the fractions
containing shorter chains odd and even sequences were in similar abundance. Odd oligosaccharidic
chains were not usually found in extractive GAG sequences even if present in low amounts in the
LMWHs, enoxaparin and dalteparin [23] and highly represented in parnaparin [31] and γ-heparin [32]
obtained by radical depolymerization.

The Mw range of fraction components, determined by MS is comparable with that obtained by
the HP-SEC-TDA method which underlined also the closeness of contiguous fraction components, in
particular for F to N included from 3000 to 1900 Da.

The isolation of components starting from three intact API samples was performed applying
depolymerization procedures, using the proper enzyme and/or chemical reaction, followed by
multiple purification steps. All of them were submitted for full characterization: Mw distribution,
NMR, chain mapping, and only for HS fractions disaccharidic analysis by LC-MS.

The isolated CS/DS fractions were pure and the molecular weight analysis confirmed that the
galactosaminoglycans were mainly present in the high molecular weight range of danaparoid, having
a weight average molecular weight (Mw) from 6200 to 7100 Da. On the other hand, the HS fractions
should be considered enriched HS fractions with CS/DS still being present (5–14%), their weight
average Mw was found in the range from 3300 to 3500 Da, consistent with SEC fractions data.

Analyzing their NMR spectra, the fractions isolated from the three API samples showed a
composition similar to that of the corresponding species present in the parent API samples, supporting
the robustness of the separation procedures. Taking advantage of the purity of CS/DS fractions, some
NMR signals were correctly assigned to the right component such as the C2/H2 of the NRE GalNAc
residue at 3.90/55.5 ppm. In the region of oxidized residues two signals ox1 and ox2, hypothetically
belonging to sequences similar to that bearing T1 variant, were attributed to HS because they were not
observed in the isolated CS/DS fractions. The content of DS was evaluated by NMR in the isolated
CS/DS fractions compared with that of CS and resulted ranging from 63% to 76%.

Moreover, also the LC-MS profiles of isolated CS/DS fractions were simplified by the removal
of HS component, in the region of both short and long oligomers. The observed oligomeric size
distribution was in good agreement with the SEC data and allowed the detection of higher oligomers
(range 1271 (dp6) to 8282 Da (dp30)) bearing the variants T1 or Ra at the RE.

The study of enriched HS fractions allowed the confirmation of components already observed in
danaparoid (dp5 to dp8) and the disaccharidic analysis, performed in comparison with nadroparin and
heparin samples, provided compositional data in accordance with SEC data. Moreover, the evaluation
of N-acetyl and N-sulfate ratio underlined that the glucosaminonoglycan component of danaparoid is
heparan sulfate differing from those obtained from nadroparin and heparin samples.

4. Materials and Methods

4.1. Reagents and Starting Materials

Seven danaparoid API batches (CAT271-277), one heparin sodium USP and one Nadroparin
calcium samples were provided by Aspen Oss B.V., Oss, Netherlands. Heparin lyases I (EC 4.2.2.7),
II and III (EC 4.2.2.8) were purchased from Grampian Enzymes, Aberdeen, UK. Chondroitin ABC
lyase from Proteus vulgaris (EC 4.2.2.4), ammonium acetate (≥98%), sodium azide (≥99.0%), sodium
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nitrate (≥99.0%), sodium dihydrogen phosphate monohydrate (>98%), sodium hydrogen phosphate
dihydrate (≥99.0%), trimethylsilyl-3-propionic acid (TSP 98% D), dibutylamine (≥99.5%), acetic acid
(glacial, 99.9%), acetonitrile (LC-MS grade), methanol (LC-MS grade), ammonium chloride (≥99.5%),
sodium nitrite (>95%), sodium tetraborate (≥98%), hydrochloric acid (≥37%) were purchased from
Sigma Aldrich (Milan, Italy); calcium acetate (≥97%) from BDH; sodium acetate (≥99%) and NaOH
(≥99%) from Merck (Kenilworth, NJ, USA); Amberlite IR 120 H+ and 0.1 M NaOH from Fluka
Analytical (Milan, Italy).

Ethanol (96%) was purchased from Girelli Alcool (Milan, Italy); ethylenediaminetetraacetic acid
(EDTA D16, 98%) from Cambridge Isotope Laboratories (Tewksbury, MA, USA) and deuterium oxide
(≥99.9%) from Euriso-top (Saint-Aubin, France). Deionized water (conductivity less than 0.15 μS) was
prepared with an osmosis inverse system (Culligan, Milan, Italy).

4.2. Molecular Weight Determination

Molecular weight determinations were performed using an HPLC system combined with a
Viscotek mod. 305 Triple Detector Array [12,13]. The HPLC Viscotek equipment was made up by
a Knauer Smartline 5100 pump, a Biotech Degasser model 2003, and an HTA autosampler model
HT310L. The detector system was composed of right angle laser light scattering (90◦ angle geometry),
refractive index and viscometer; all detectors and the separation columns were contained in an
oven compartment.

Two chromatographic conditions were applied: (I) for SEC fractions (Section 2.3.1) two silica
columns G3000SWXL+G4000SWXL TSK GEL (7.8 mm ID × 30 cm, Tosoh Bioscience S.r.l., Rivoli,
Torino, Italy) preceded by precolumn TSK GEL SWXL GUARD (7 μm, 6.0 × 40 mm, Tosoh Bioscience)
were used eluting with ammonium acetate 0.1 M, sodium azide 0.02% at 0.6 mL/min ± 10% setting
up the temperature at 30 ◦C; (II) for API samples (Section 2.1.1) and isolated fractions CS/DS and HS
(Section 2.4.1) the chromatographic elution was performed at 0.6 mL/min ± 10% with sodium nitrate
0.1 M, sodium azide 0.05% on two polymeric columns G3000PWXL+G2500PWXL TSK GEL (7.8 mm
ID × 30 cm, Tosoh Bioscience) at 40 ◦C.

The samples were dissolved with a concentration between 8 and 12 mg/mL in the mobile phase
used for the elution; 100 μL of each solution was injected. All chromatographic systems were calibrated
using for (I) a pullulan (PSS, Mainz, Germany) and for (II) a polyethylene oxide (Agilent Technologies,
Santa Clara, CS, USA), both are certified standards of known Mw, polydispersity and intrinsic viscosity.
The data elaboration was performed with OmniSEC software, version 4.6.2 (Malvern, UK).

4.3. Sulfation Degree Determination

The sulfation degree of all samples, expressed as sulfate to carboxylate molar ratio, was
determined in duplicate by conductimetric titration following the method proposed by Casu et al. [14].
A sample of ~75 mg of the acidic form of danaparoid, previously exchanged on Amberlite IR 120 H+,
in 100 mL of distilled water was titrated with 0.1 M NaOH using an automatic titrator (Titrando 888,
Metrohm Italiana S.r.l., Origgio, Varese, Italy) equipped with a conductivity cell (constant = 0.76 cm−1).

4.4. NMR

About 250 mg of API batches were dissolved in 2.5 mL of D2O, and analyzed by using a Bruker
AV 500 MHz (125 MHz for 13C) NMR spectrometer (Karlsruhe, Germany). The carbon spectra were
recorded with a pulse delay of 1 s and 20 k scans.

About 35 mg of danaparoid samples were dissolved in 0.6 mL of buffer solution pH 7.1 (buffer
phosphate 0.15 M, EDTA-D16 0.3 mM) in D2O with 0.12 mM TSP; while the fractions isolated (20 or
35 mg) during the experimental activity were dissolved in 0.6 mL of D2O. Both groups of samples were
analyzed by using a Bruker Avance III HD NMR spectrometer operating at 500 MHz (1H) equipped
with TCI cryoprobe (Karlsruhe, Germany). The proton spectra were acquired with presaturation of
residual HDO signal, 16 scans and 12 s of pulse delay. The Heteronuclear Single Quantum Coherence
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(HSQC) spectra were recorded with the library Bruker pulse sequence hsqcetgpsisp2.2, a pulse delay
of 2–5 s and 8–24 scans. The spectra elaboration was done using Bruker TopSpin software, version 3.2
(Karlsruhe, Germany).

4.5. LC-MS Analysis

LC-MS analysis of all of samples was performed using ion-pair reversed-phase separation on a
Kinetex-C18 column (2.1 mm × 100 mm, ODS 2.6 μm, 100 Å, Phenomenex, Aschaffenburg, Germany)
with pre-column filter (Phenomenex, Aschaffenburg, Germany) at room temperature coupled with
mass spectrometer. The injected volume was 5 μL at a concentration of about 5 mg/mL.

A binary solvent system was used for a multi-step gradient elution using solvent A (dibutylamine
10 mM, acetic acid 10 mM in water) and solvent B (dibutylamine 10 mM, acetic acid 10 mM in
acetonitrile) with the following schedule: (I) for SEC fractions of pilot study (first part of Section 2.3.3)
at flow rate of 0.1 mL/min, 15% B for 5 min, linear gradient from 15% to 26% B in 25 min, 26% B for
20 min, linear gradient from 26% to 40% B in 35 min, fast linear gradient from 40% to 60% in 13 min,
hold 60% B for 10 min, then return to 15% B in 2 min and hold for 30 min 15% B; (II) for API batches,
isolated fractions of CS/DS and HS and all SEC fractions at flow rate of 0.15 mL/min, 15% B for 5 min,
linear gradient from 15% to 24% B in 22 min, 24% B for 23 min, linear gradient from 24% to 40% B in
50 min, fast linear gradient from 40% to 60% B for 3 min, then 60% B for 10 min, then return to 15% B
in 2 min and hold for 20 min at 15% B.

The samples were analyzed on an Ultimate 3000 HPLC-UV system (Dionex, Sunnyvale, CA,
USA) coupled to an ESI-Q-TOFMS MicrOTOF-Q (Bruker Daltonics, Bremen, Germany). The mass
spectrometer setting was as follows: ESI in negative ion mode (capillary voltage +3.2 kV); nitrogen,
used as nebulizer and heater gas, flowed at 7 L/min, +180 ◦C and pressure 0.9 bar; mass range
of 200–2000 m/z. Only the SEC fractions F, I–N were analyzed on an HPLC-UV system (Agilent
Technologies, Santa Clara, CA, USA) coupled to an ESI FT-ICR MS Solarix (Bruker Daltonics, Bremen,
Germany) using the elution schedule (II) and MS conditions were set up in negative polarity with
a capillary voltage of +3.2 kV, nitrogen at the flow rate of 3.7 L/min, temperature of +180 ◦C and
pressure of 1 bar, mass range 200–3000 m/z.

The MS2 fragmentation experiments were performed on selected ions isolated in the quadrupole
collision cell by a width of 5 Da and activated by collision-induced dissociation (CID) at the collision
energy of 25 eV.

LC-MS analyses of enzymatic digested mixture (Section 2.4.4) were performed on an ESI-IT
amaZon SL (Bruker Daltonics, Bremen, Germany) using solvent A (dibutylamine 10 mM, acetic acid
10 mM in water) with solvent C (dibutylamine 10 mM, acetic acid 10 mM in methanol) at flow rate of
0.1 mL/min, 10% C for 5 min, linear gradient from 10% to 35% C in 35 min, linear gradient from 35%
to 50% C in 45 min, from 50% to 90% in 13 min, then hold at 90% C for 5 min, then return to 10% C in
2 min and hold for 25 min 10% C. The mass spectrometer parameters were as follows: ESI in negative
ion mode with a capillary voltage of +3.8 kV, nitrogen at +200 ◦C, 9 L/min with a nebulizer pressure
of 30 psi, mass range 200–1500 m/z.

4.6. Size-Exclusion Chromatography

The fractionation method was applied to seven API samples: about 250 mg dissolved in 2.5 mL of
H2O were loaded onto two columns in series (5.0 × 90 cm each) of Bio-Gel P6 (BIO-RAD Laboratories
S.r.l., Milan, Italy), the elution was performed with 0.25 M ammonium chloride solution at a flow rate
of 1.8 mL/min. Tubes of 18 mL were collected, and their absorbance at 210 nm was monitored using a
variable-wavelength UV detector (Varian Cary 50scan, Agilent Technologies, Santa Clara, CA, USA).
Based on the profile, twelve fractions with decreasing molecular weight were recovered (labelled from
A to N).

Two desalting/purification methods were applied and described as follows: (I) one column
(5.0 cm × 90 cm) filled with TSK HW40S resin (Tosoh Bioscience S.r.l., Rivoli, Torino, Italy) was

150



Molecules 2017, 22, 1116

eluted with 10% aqueous ethanol at the flow rate of 5 mL/min, samples elution was monitored by
absorbance at 210 nm, positive fractions were pooled concentrated and lyophilized; (II) about 90–120
mg of sample were injected in a volume of 2.5 mL onto HPLC system made up by two glass columns in
series (3.0 × 48 cm + 2.0 × 83 cm) filled with the resin Superdex 30 preparative grade (GE Healthcare
Life Science, Milan, Italy) and a pump, a manager unit and a UV detector (KNAUER, Smartline,
models 1050, 5050; and 2500, respectively) set up at 210 nm, the elution was performed with 0.25 M
ammonium chloride solution at 5 mL/min, the system is managed by Clarity Chrom Preparative
software, version 2.6 (Knauer, Berlin, Germany).

4.7. Depolymerization of CS/DS for the Isolation of HS Component

About 100 mg of danaparoid API sample was dissolved in phosphate sodium acetate buffer
50 mM pH 8, the enzyme Chondroitin ABC lyase was added to have a ratio enzyme/substrate equal
to 7 mU/mg. The reaction was driven at 37 ◦C under magnetic stirring for 72 h.

At the end, to eliminate the enzyme by denaturation, the solution was heated at 95–100 ◦C
for 5–10 min, after cooling the solution was filtered on 0.22 μm (Merck Millipore, Billerica, MA,
USA), concentrated by reduced pressure and then purified by size-exclusion chromatography systems,
applying TSK HW40S column, Superdex 30 and finally TSK HW40S column (Section 4.6).

4.8. Depolymerization of HS for the Isolation of CS/DS Component

About 500 mg of danaparoid API sample was dissolved in buffer 100 mM sodium acetate +10 mM
calcium acetate pH 7 and incubated with the enzyme Heparinase III with a ratio of enzyme/substrate
equal to 20 mU/mg, at 37 ◦C for 48 h under magnetic stirring. Then the solution was heated at
90–100 ◦C for 5–10 min for enzyme denaturation, subsequently it was cooled and filtered on 0.22 μm
(Merck Millipore, Billerica, MA, USA). The solution was submitted to chemical reaction with nitrous
acid twice following the procedure here described: the sample (500 mg) was dissolved in 20 mL of
water, cooled to 4 ◦C and added to 140 mg of NaNO2 dissolved in 1 mL of water. The pH was adjusted
to 1.7 with HCl 4% (w/v) and the solution was stirred for 20 min. Then portions of NaNO2 were
added (140, 100 and 100 mg, respectively), after each addition the solution was stirred for 20 min.
Subsequently, the pH was adjusted to 7 with NaOH 1 M and the solution was conditioned to room
temperature. NaBH4 was added as solid (400 mg) in several portions with stirring. After 2 h, the pH
solution was adjusted to 4 with HCl 4% and then neutralized with NaOH 1M. The obtained product
was purified by SEC systems such as TSK HW40S column, Superdex 30 and finally TSK HW40S
column (Section 4.6).

4.9. Depolymerization of HS for the Isolation of CS/DS Component Exhaustive Enzymatic Digestion with
Lyases I, II and III

Each isolated HS fraction was depolymerized using heparinases I, II, and III according to the USP
method [33]. Each sample was solubilized in water to obtain a concentration of 20 mg/mL and 20 μL
(400 μg) that were then digested in sodium/calcium acetate buffer pH 7.0 by using a mixture 1:1:1
of Heparinases I, II, and III prepared by mixing a solution 0.4 IU per mL of each one. The reaction
mixture was stirred (Thermo shaker TS-100, Biosan, Riga, Latvia) at 25 ◦C for 48 h, then each digestion
solution was boiled for two minutes at 100 ◦C and passed through a filter having a porosity of 0.20 μm
and analyzed by LC-MS.

5. Conclusions

For the present work an orthogonal analytical approach based on complementary techniques,
allowed a compositional comparison and first structural assignment of the components of different
batches of danaparoid.

The in depth studies conducted on SEC fractions and on isolated CS/DS and HS components
produced much structural information that completed the characterization of the starting API samples
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and allowed the similarity of analyzed batches to be established, ascribing slight differences to the
intrinsic heterogeneity of extractive products such as danaparoid.

From the compositional point of view, both NMR and MS data confirmed the presence of different
GAGs variably distributed over fractions/molecular weights, the CS/DS component represents the
higher Mw species of danaparoid. LMW heparan sulfate was confirmed to be the major component of
the API samples.

NMR and LC-MS analysis underlined the fact that a majority of the analyzed species showed
oxidized hexosamines as T1 variant at the RE of both CS/DS and HS chains and a remnant (Ra) of an
oxidized uronic acid at the reducing end of CS/DS species. Minor further oxidation products (T2, T3,
T4, and T5) were present on the HS chains. Some NMR signals were correctly assigned to GAG species
by studying the isolated components.

The exemplification of species through size fractionation and isolation of components allowed a
good correspondence in terms of composition with the parent danaparoid samples to be observed,
supporting the robustness of the separations methods and analytical tools.

Supplementary Materials: Supplementary Materials are available online.
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Abstract: Low Molecular Weight Heparins (LMWH) are complex anticoagulant drugs that mainly
inhibit the blood coagulation cascade through indirect interaction with antithrombin. While inhibition
of the factor Xa is well described, little is known about the polysaccharide structure inhibiting
thrombin. In fact, a minimal chain length of 18 saccharides units, including an antithrombin (AT)
binding pentasaccharide, is mandatory to form the active ternary complex for LMWH obtained
by alkaline β-elimination (e.g., enoxaparin). However, the relationship between structure of
octadecasaccharides and their thrombin inhibition has not been yet assessed on natural compounds
due to technical hurdles to isolate sufficiently pure material. We report the preparation of five
octadecasaccharides by using orthogonal separation methods including size exclusion, AT affinity, ion
pairing and strong anion exchange chromatography. Each of these octadecasaccharides possesses two
AT binding pentasaccharide sequences located at various positions. After structural elucidation using
enzymatic sequencing and NMR, in vitro aFXa and aFIIa were determined. The biological activities
reveal the critical role of each pentasaccharide sequence position within the octadecasaccharides and
structural requirements to inhibit thrombin. Significant differences in potency, such as the twenty-fold
magnitude difference observed between two regioisomers, further highlights the importance of
depolymerisation process conditions on LMWH biological activity.

Keywords: thrombin inhibition; LMWH; antithrombin; heparin oligosaccharides; ternary complex

1. Introduction

Low Molecular Weight Heparins (LMWH) are lifesaving anticoagulant drugs which have been
used for several decades in the prevention and treatment of venous and arterial thromboembolism [1].
LMWH are industrially derived from the starting material heparin, a complex mixture of mammalian
polysaccharides extracted from porcine mucosa. The centenary of the discovery of heparin has been
widely celebrated around the world and many symposia, such as the 24th Glycosaminoglycans
Symposium, held in September 2016 (Villa Vigoni, Loveno di Menaggio—Italy, the first symposia of
these series was initiated by Pr Casu), were dedicated to this endeavor. Even with state of the art
analytical methods, this “ever young life-saving drug” [2] is also one of the most complex products
to analyze, as direct characterization of the polysaccharidic chains is still not feasible. Heparin
is a mixture of heteropolymeric chains having a mean molecular weight around 15,000 Dalton.
It consists of alternating units of 2-deoxy-2-sulfamido-α-D-glucopyranose (possibly O-sulfated,
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N-sulfated or N-acetylated) and O-sulfated uronic acids (α-L-iduronic acid or β-D-glucuronic acid).
The specific structure of each polysaccharidic chain, built up of these alternating motifs, is governed
by enzymatic machinery of the host mast cells where it is stored [3]. Heparin interacts with about one
hundred proteins [4] but its anticoagulant activity is mainly mediated indirectly through activation
of antithrombin, a serine protease inhibitor, member of the serpin family [5]. The activation of
antithrombin induces a protein conformational change and dramatically accelerates the inhibition of
the Stuart factor (FXa) [6]. The discovery of the antithrombin (AT) binding pentasaccharide was the
hallmark of a new era of understanding of the structure activity of this complex medicine [7,8], and the
so-called AGA*IA sequence (GlcNNAc/NS,6S-GlcA-GlcNNS,3S,6S-IdoUA2SGlcNNS,6S) was identified as
the specific binding sequence of heparin [7]. Then, several variants of the consensus pentasaccharide
sequence were discovered and reported a posteriori [9–11]. The evolution of analytical methodologies
has also permitted the identification of longer AT binding oligosaccharides from LMWH [12].
Structure-activity studies on octa to octadecasaccharides have demonstrated that interaction with
antithrombin is more complex than initially envisioned and that flanking saccharide units play
an important role in the modulation of the AGA*IA affinity (the synthetic version of AGA*IA,
drug substance commercially known as fondaparinux was used as reference) [13]. They may affect
the Kd variation by three orders of magnitude when compared to fondaparinux (Kd = 21 nM) [14],
either strengthening or destabilizing this complex.

Furthermore, semuloparin an experimental drug for which development was stopped in
2012 was designed with a depolymerisation process which preserves the AT binding region
from β-eliminative cleavage and increases their concentration in this particular LMWH [15].
Therefore, it allowed the isolation of unexpected multiple of two and three consecutive
AGA*IA sequences in the dodecasaccharide ΔIIa-IIs-Is-IIa-IIs-Is [16] and the octadecasaccharide 1

ΔIIa-IIs-Is-IIa-IIs-Is-IIa-IIs-Is [17], respectively (structural symbols are listed in Table 1; previous studies
had concluded the possible presence of two AT binding sites on a single heparin chain without isolation
and structural elucidation [18]). This compositional specificity is directly due to the depolymerisation
selectivity with the sterically hindered phosphazene bases. Therefore, semuloparin appears as a
particularly interesting tool compound to gather new insights on structure-activity relationships.

Table 1. Structural symbols.

Structural Symbols

ΔIVa = ΔU-GlcNAc -IVaid- = -IdoA-GlcNAc- -IVaglu- = -GlcA-GlcNAc-
ΔIVs = ΔU-GlcNS -IVsglu- = -GlcA-GlcNS-

ΔIVs = ΔU-GlcNS,3S -IVsglu- = -GlcA-GlcNS,3S-
ΔIIa = ΔU-GlcNAc,6S -IIaid- = -IdoA-GlcNAc,6S-
ΔIIIa = ΔU2S-GlcNAc -IIIaid- = -IdoA2S-GlcNAc-
ΔIIs = ΔU-GlcNS,6S -IIsglu- = -GlcA-GlcNS,6S-

ΔIIs = ΔU-GlcNS,3S,6S -IIsglu-= -GcA-GlcNS,3S,6S-
ΔIIIs = ΔU2S-GlcNS -IIIsid- = -IdoA2S-GlcNS-

ΔIa = ΔU2S-GlcNAc,6S -Iaid- = -IdoA2S-GlcNAc,6S-
ΔIs = ΔU2S-GlcNS,6S -Isid- = -IdoA2S-GlcNS,6S-

ΔIs = ΔU2S-GlcNS,3S,6S -Isid- = -IdoA2S-GlcNS,3S,6S-

It is noteworthy that we have previously observed that Kd affinity and molar anti FXa activity of
the dodecasaccharide was twice that of fondaparinux, suggesting a dynamic equilibrium with two
antithrombin proteins, which may potentiate the anticoagulant activity of such compound series.

Although thrombin is one of the key coagulation proteases for heparin and LMWHs,
structure-activity data are not available due to the challenge of isolating polysaccharides that are
able to form the ternary complex with antithrombin and thrombin. In fact, until the isolation of
octadecasaccharide 1 (Figure 1) [17], there was no structural data on pure natural compounds that
were responsible for this important mechanism of action. Interestingly, the only structure-activity
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relationship evidence that existed were generated on synthetic compounds [19–21] and showed that
the inhibition may be potent starting from hexadecasaccharides.

Figure 1. Studied octadecasaccharides (in red saccharide units from AGA*IA sequence). In grey,
flanking saccharide units are represented. In white, additional uronic acid present in the
minimal natural sequence.

With the octadecasaccharide 1, a suitable chain length was reached so that the inhibition of
the thrombin (FIIa) became possible in the case of LMWH products (no significant activity assayed
on hexadecasaccharides), and activities of aFXa = 562 IU/mg and aFIIa = 8.8 IU/mg were found.
Nevertheless, with respect to the whole fraction from which it was isolated (aFIIa ~20 UI/mg), the aFIIa
for 1 was significantly lower than expected.

It was therefore critical to further evaluate new octadecasaccharides to increase our understanding
of the electrostatic interactions with thrombin and compare them to the synthetic compounds from
Petitou et al. [19–21].

For this endeavor, by using orthogonal chromatographic techniques, we have isolated
five compounds from the octadecasaccharide AT affine fraction of semuloparin. Each of these
compounds contain two AGA*IA sequences located at different positions within the polysaccharide
chain (Figure 1). Their structure has been fully elucidated by enzymatic sequencing and NMR analysis
and their anticoagulant activity was evaluated both for inhibition of factor Xa and IIa.

2. Results and Discussion

In our previous work [17], we reported the isolation from semuloparin of the first natural
octadecasaccharide having AT binding affinity and able to inhibit both aFXa and aFIIa. This compound
had the peculiarity to bear three consecutive AGA*IA sequences. Surprisingly, the activation of
thrombin was weak (only 8.8 IU/mg; USP Heparin is about 180 IU/mg) despite the fact that it was
isolated from an octadecasaccharide fraction with a specific aFIIa activity of ~20 UI/mg. All the criteria
for activity were there, i.e., size of the chain, presence of AGA*IA sequences, and high anti FXa (about
three times more than USP heparin) activity, but the low thrombin inhibition raised new questions.
Front running hypotheses to explain low thrombin inhibition included: a lack of charge density to
stabilize the ternary complex with the protein, or a dynamic equilibrium between antithrombin with all
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three AGA*IA sequences, which might generate in turn a steric hindrance for thrombin complexation.
The later hypothesis could also explain the twofold molar aFXa activity of the compound with respect
to the pentasaccharide [17]. To shed light on the origin of such biological properties, it was critical
to study more compounds of these series and put in perspective the work performed on synthetic
polysaccharides with dual anti FXa and thrombin inhibition potency [19,21].

2.1. Purification of Octadecasaccharide Fraction F3

The octadecasaccharide fraction was separated on an AT affinity chromatography column and
five fractions F1 to F5 with increasing affinity were isolated [17]. Focus was concentrated on fraction
F3, where isomers containing two AGA*IA sequences could be identified (Figure 2).

Figure 2. Cetyltrimethylammonium strong anion exchange (CTA-SAX) chromatograms of
octadecasaccharide fractions F3 and F4: 1-triple site, 2-double sites, 3-glycoserine octadecasaccharides.

The overall activity was in the same order of magnitude than fraction 4 from which
octadecasaccharide 1 was isolated (aFXa: F3 401 IU/mg; F4 422 IU/mg; aFIIa: F3 18.1 IU/mg; F4 19.8 IU/mg).
The modest aFIIa activity may be partly related to the presence of glycoserine oligosaccharides. These
oligosaccharides contain an oxidized glycoserine sequence (-GlcA-Gal-Gal-Xyl-CH2-COOH) at their
reducing end [22]. These compounds are eluted in the less retained part of the chromatogram (Figure 2)
and represent more than 50% of the affine fractions. None of the glycoserine octadecasaccharides
isolated in this study (not described here) had any measurable aFIIa activity while having aFXa.
Compared to the separation of the octadecasaccharide 1, the isolation of five regioisomers containing
two AGA*IA sequences was more complex and the resolution power of ion pair chromatography was
critical to enable the separation. From the key step of cetyltrimethylammonium strong anion exchange
(CTA-SAX) separation (Figure 3), reconstructed ion mass LC/MS chromatograms corresponding to
Mw 4957 Da (Figure 4) were used to select the fractions to be gathered. Molecular weights deduced
from LC/MS analysis were sufficient to deduce the sulfate group number, N-acetyl number and
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presence or not of characteristic glycoserine moieties. These pieces of information were helpful to
guide us in the last purification steps.

Figure 3. Preparative CTA-SAX chromatography of fraction F3.

 

Figure 4. LC/MS reconstructed ion mass chromatograms of initial fraction F3 and sub fractions of
interest corresponding to MW 4957 Da (m/z 2430.2: (4957 + 23 × HXA + 2H)3+).
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2.2. Enzymatic Sequencing

Sequencing methods based on partial or selective depolymerisation with enzymes from
Flavobacterium heparinum and particularly heparinases have been already developed [23,24]. Monitoring
of digestion and fragment analysis were done by MALDI-MS and capillary electrophoresis. Another
efficient technique using a preliminary radiolabeling of the substrate, followed by partial nitrous
depolymerisation and sequencing with exoenzymes has been proposed [25]. However, this method is
long and most exoenzymes used in the study are not commercially available. In fact, the key element for
any sequencing method is an efficient separation. This part is usually time consuming and, as already
stated, requires use of many consecutive chromatographic methods with orthogonal specificities.

For long heparin-like oligosaccharides, heparinase I is the most convenient choice for sequencing
experiments. Heparinase II is less selective than heparinase I and, as an exolithic enzyme, it does not
generate many long fragments in detectable amounts. The full exploitation of the digestion process
by heparinase I requires a good understanding of the enzyme’s selectivity and behavior. Basic rules
for selectivity [26] are necessary but are not sufficient to this endeavor. Know-how in that field is all
the more important as current literature data may give only partially the heparinase I mechanism
of digestion [27]. As a matter of fact, much evidence exists that heparinase I is not exolithic but
rather endolithic [28] (also reflected in our sequencing experiments), all cleavable sites present in the
chain being cleaved simultaneously. The structural determination by enzymatic sequencing of long
oligosaccharides is usually a challenging experiment due to the number of saccharides bound together
and to their potential arrangement. The fact that there are two AT binding sites –IIaid-IIsglu-Isid-
distributed with three –Isid- disaccharides in an octadecasaccharide simplifies its structural elucidation.
Consequently, only 10 theoretical arrangements can be found (Table 2). In addition, the UV spectrum
can be used [17] to determine the beginning of the chain (either ΔIIa-IIsglu-Isid- or ΔIs-), allowing the
separation into two types of octadecasaccharides.

Table 2. Heparinase 1 cleaving sites (↓ major sites; ↓ minor sites).

Structure Heparinase I Cleaving Sites

Octadeca. 2 ΔIIa-IIsglu-Isid-IIaid-IIsglu-Isid-Isid-Isid-Isid ΔIIa-IIsglu
↓Isid-IIaid-IIsglu

↓Isid
↓Isid

↓Isid-Isid
red

Octadeca. 3 ΔIIa-IIsglu-Isid-Isid-IIaid-IIsglu-Isid-Isid-Isid ΔIIa-IIsglu
↓Isid

↓Isid-IIaid-IIsglu
↓Isid

↓Isid-Isid
red

ΔIIa-IIsglu-Isid-Isid-Isid-IIaid-IIsglu-Isid-Isid ΔIIa-IIsglu
↓Isid

↓Isid
↓Isid-IIaid-IIsglu

↓Isid-Isid
red

ΔIIa-IIsglu-Isid-Isid-Isid-Isid-IIaid-IIsglu-Isid ΔIIa-IIsglu
↓Isid

↓Isid
↓Isid

↓Isid-IIaid-IIsglu-Isid
red

ΔIs-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid-Isid-Isid ΔIIs-IIaid-IIsglu
↓Isid-IIaid-IIsglu

↓Isid
↓Isid-Isid

red

Octadeca. 4 ΔIs-IIaid-IIsglu-Isid-Isid-IIaid-IIsglu-Isid-Isid ΔIIs-IIaid-IIsglu
↓Isid

↓Isid-IIaid-IIsglu
↓Isid-Isid

red

Octadeca. 5 ΔIs-IIaid-IIsglu-Isid-Isid-Isid-IIaid-IIsglu-Isid ΔIIs-IIaid-IIsglu
↓Isid

↓Isid
↓Isid-IIaid-IIsglu-Isid

red

ΔIs-Isid-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid-Isid ΔIIs↓Isid-IIaid-IIsglu
↓Isid-IIaid-IIsglu

↓Isid-Isid
red

ΔIs-Isid-IIaid-IIsglu-Isid-Isid-IIaid-IIsglu-Isid ΔIIs↓Isid-IIaid-IIsglu
↓Isid

↓Isid-IIaid-IIsglu-Isid
red

Octadeca. 6 ΔIs-Isid-Isid-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid ΔIIs↓Isid
↓Isid-IIaid-IIsglu

↓Isid-IIaid-IIsglu-Isid
red

2.2.1. Type I Octadecasaccharides

In this case of Type I octadecasaccharides, the position of the first binding site is known and
the remaining question is the position of the second one. Key elements for such sequencing were
described [17] for structural determination of triple site ΔIIa-IIsglu-Isid-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid.
NaBH4 preliminary reduction was used to label the reducing end.

Putative structures are listed in Table 2 as well as the heparinase I cleavage sites of the four
possible isomers. Heparinase I cleaves preferentially highly sulfated moieties like -IIsglu

↓Isid and

Isid
↓Isid-Isid

red and its action on other cleavable sites like Isid
↓Isid

red is less pronounced.
Table 3 gathers key fragments for type I octadecasaccharides. The resistance of these

fragments to the action of heparinase I mainly depends on the number of cleaving sites,
so that the order of increasing resistance is the following: ΔIIa-IIsglu-Isid-Isid-Isid-IIaid-IIsglu <
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ΔIIa-IIsglu-Isid-Isid-IIaid-IIsglu < ΔIIa-IIsglu-Isid-IIaid-IIsglu << ΔIs-IIaid-IIsglu-Isid
red. The sequencing

details for octadecasaccharide 2 and 3 are reported in supplementary data.

Table 3. Key fragments for octadecasaccharides.

Key Fragments for Type I Octadecasaccharides

Octadecasaccharide 2 ΔIIa-IIsglu-Isid-IIaid-IIsglu; ΔIs-Isid
red

Octadecasaccharide 3 ΔIIa-IIsglu-Isid-Isid-IIaid-IIsglu; ΔIs-Isid
red

Key Fragments for Type II Octadecasaccharides

Octadecasaccharide 4 ΔIIs-IIaid-IIsglu; ΔIIs-IIaid-IIsglu-Isid-Isid-IIaid-IIsglu; ΔIs-Isid
red

Octadecasaccharide 5 ΔIIs-IIaid-IIsglu; ΔIs-IIaid-IIsglu-Isid
red

Octadecasaccharide 6 ΔIIs; ΔIIs-Isid; ΔIIs-Isid-Isid-IIaid-IIsglu; ΔIs-IIaid-IIsglu-Isid
red

2.2.2. Type II Octadecasaccharides

The sequencing of type II octadecasaccharides is more challenging than that of type I. In this
case, the position of the two binding sites has to be determined. Preliminary 2-O desulfatation of
unsaturated acid by Δ4,5-glucuronate-2-sulfatase is crucial to differentiate the first AT binding site
from the second one. This reaction is achieved before NaBH4 reduction and heparinase I addition.
It appears that the activity of the sulfatase is highly dependent on the structure and more especially
on the number of disaccharide Is at the non-reducing end. Octadecasaccharides 4 and 5 are entirely
transformed after one addition of sulfatase. For compound 6, the desulfatation is very slow, and
the quantity of sulfatase necessary to the transformation exceeds all other cases. The activity of
O-sulfatase is found to be dependent on the substrate structure. The following order is observed:
ΔIs-IIaid-IIsglu- > ΔIs-Isid-IIaid-IIsglu- > ΔIs-Isid-Isid-IIaid-IIsglu-. This enzyme has already been cloned
and its selectivity studied [29,30] but the selectivity observed above was not heretofore mentioned.
Table 3 gathers key fragments generated subsequently after heparinase I treatment for type II
octadecasaccharides. Full details of sequencing experiments of octadecasaccharides 4, 5 and 6 are
described in the Supplementary Data.

2.3. NMR

The 1H-NMR spectrum of the octasaccharide 6 is shown in Figure 5. Proton and carbon
resonances of each residue were assigned using COSY (correlation spectroscopy), TOCSY
(total correlation spectroscopy) and HSQC (heteronuclear single quantum coherence spectroscopy)
pulse sequences (Table 4) (octadecasaccharides 2, 3, 4 and 5 structural assignments are reported in the
Supplementary Data).

A total of 18 proton signals were observed in the anomeric region between 5.55 and 4.55 ppm,
indicating that the polysaccharide is an octadecasaccharide, with only 13 different chemical shifts.
As a consequence, the proton spectrum did not appear as complex as might be expected for an
octadecasaccharide. This feature indicated the presence of two repeating units in the sequence of the
octadecasaccharide, with many resonance superimpositions. Chemical shift analysis was compatible
with a composition including nine α-D-glucosamines, six α-L-iduronic acids, two β-D-glucuronic acids
(anomeric proton resonance observed between 5.53 and 5,34 ppm, 5.22 and 5.01 ppm and at 4.60
ppm, respectively), and one 4,5-unsaturated uronic acid. Two central acetyl signals are visible at 2.05
ppm. The Ci-H1 to C(i+1)-H4 connectivity, observed in the nuclear Overhauser spectroscopy (NOESY)
experiment, were used for monosaccharides sequence determination (Figure 6). The well-resolved
resonance of H4-ΔU uronic acid was used as the assignment starting point. The presence of N-sulfate or
N-acetyl on α-D-glucosamine residues, and the presence or absence of O-sulfate groups, was deduced
from 1H and 13C chemical shifts.
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Figure 5. 1H-NMR spectrum of octadecasaccharide 6 (D2O, 30 ◦C, 600 MHz).

Table 4. Proton and carbon chemical shifts of the two pentasaccharide sequences identified inside
octadecasaccharide 6.

ΔIs Isid Isid

ΔU2S ANS,6S I2S ANS,6S I2S ANS,6S

1 5.51/98.4 5.40/98.1 5.21/100.4 5.41/97.8 5.22/100.4 5.34/96.6
2 4.62/75.7 3.30/58.9 4.34/76.9 3.27/59.0 4.35/76.9 3.26/59.0
3 4.31/64.0 3.65/70.8 4.22/70.2 3.66/70.8 4.20/70.4 3.65/70.8
4 5.98/107.1 3.84/79.3 4.10/77.5 3.76/77.1 4.11/77.1 3.78/77.2
5 4.03/70.0 4.81/70.5 4.02/70.3 4.81/70.5 3.96/70.4

6,6′ 4.36/4.26
67.4

4.40/4.27
67.5

4.41/4.26
67.5

CH3

Pentasaccharide 1

IIaid IIsglu Isid

I ANac,6S G ANS,3S,6S I2S ANS,6S

1 5.01/103.1 5.39/98.1 4.60/102.2 5.51/97.2 5.18/100.6 5.34/96.6
2 3.78/69.8 3.93/55.0 3.38/74.6 3.45/57.8 4.32/78.1 3.26/59.0
3 4.12/68.9 3.77/70.7 3.70/77.5 4.37/77.4 4.17/71.6 3.66/70.8
4 4.08/75.8 3.73/78.5 3.80/77.8 3.97/74.1 4.14/77.1 3.79/77.7
5 4.79/69.8 4.02/70.4 3.76/78.3 4.16/70.7 4.79/71.2 3.96/70.4

6,6′ 4.34/4.21
67.4

4.49/4.26
67.1

4.46/4.23
67.4

CH3 2.05/23.2

Pentasaccharide 2

IIaid IIsglu Isid

I ANac,6S G ANS,3S,6S I2S ANS,6S

1 5.01/103.1 5.39/98.1 4.60/102.2 5.53/97.1 5.18/100.6 4.45/92.2
2 3.78/69.8 3.93/55.0 3.39/74.6 3.45/57.8 4.31/78.1 3.27/59.0
3 4.12/68.9 3.77/70.7 3.70/77.5 4.36/77.4 4.17/71.6 3.70/70.6
4 4.08/75.8 3.73/78.5 3.80/77.8 3.97/74.1 4.16/77.2 3.78/77.6
5 4.79/69.8 4.02/70.4 3.76/78.3 4.17/70.7 4.74/71.5 4.13/69.7

6,6′ 4.34/4.21
67.4

4.49/4.26
67.1

4.43/4.30
68.0

CH3 2.05/23.2

Note: Listed as H/C in ppm.
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Figure 6. Superimposition of 2D nuclear Overhauser spectroscopy (NOESY) (black) and total
correlation spectroscopy (TOCSY) (red) spectra for octadecasaccharide 6: Correlations of anomeric
protons. The dark lines show at start Ci-H1 to C(i+1)-H4 connectivities on the NOESY experiment and
at the arrows the Ci-H1 to Ci-H4 connectivities on the TOCSY experiment. The H5-H2 characteristic
connectivity of 2S0 conformation of each Iduronic acids is indicated by (*) on the NOESY experiment.

In spite of the 1H signal broadness and many resonance superimpositions, it was possible to
determine the main coupling constant for vicinal protons of pyranose rings in the well resolved COSY
experiment. For glucosamines and glucuronic acids all 3JH1-H2 coupling constants were superior to
8 Hz, except for the 3JH1-H2 of glucosamines between 3and 4 Hz. Consequently, the conformational
status of glucosamines and glucuronic acids was in the pure 4C1 conformation. All iduronic acids
signals showed small coupling constant for vicinal protons, except for the 3JH2-H3 around 7 to 8 Hz.
Besides weak-medium intensities were observed for the H5-H2 connectivities in the NOESY experiment
(Figure 6). This information taken together suggested a 1C4↔2S0 equilibrium for all iduronic acids [31].

The full proton and carbon chemical shift assignments, along with all sets of inter-residue
correlations observed on the 2D NOESY spectrum, fully supported the structural determination
of octadecasaccharide 6 with two pentasaccharide sequences as demonstrated by the enzymatic
sequencing methodology. The two AGA*IA sequences are respectively located in the middle and at
the reducing end of the octadecasaccharide. The NMR assignment tables for the octadecasaccharides 2,
3, 4 and 5 are reported in the Supplementary Data.

2.4. aFXa and aFIIa Activities

In their previous work [19,21], Petitou et al. introduced the concepts of A domain (AT binding
domain AGA*IA) and thrombin binding domain (T domain) for their synthetic heparin mimetics.
At that time, pure natural structures were not available and therefore, hypotheses had to be made
to figure out the AGA*IA flanking oligosaccharides, which might constitute the T domain. Their
structure-activity studies showed that the T domain should be highly sulfated in order to interact
with the positively charged domain of thrombin [19]. Because heparin has some highly sulfated
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regular regions with repetitive units of trisulfated Is disaccharides, it was therefore presumed that the
T domain was an oligomer of this structural motif (Figure 7).

Figure 7. Model described for heparin oligosaccharides with Is disaccharide T domain extensions at
reducing end (RE) and non-reducing end (NRE).

As Petitou et al. prepared modified simplified structures of both the A and T domain to generate
biological data, the results are not directly comparable with those of the natural octadecasaccharide
series but at least they provide us some directions. Briefly, in these synthetic oligosaccharides, N-sulfate
groups were replaced by O-sulfate groups, hydroxyls were methylated in the A domain, and the
T domain was built up with repeating units of 2,6-di-O-sulfonato β-D-glucose. The thrombin assays
were performed with regioisomers of comparable chain length. When the T domain is at the reducing
end, it was established that the thrombin inhibition is about 30 times less potent than when it is
located at the non-reducing end (IC50 = 164 vs. 5 ng/mL, comparison made respectively with an
octadecasaccharide and a heptadecasaccharide).

While heparin does contain sequences such as described in Figure 7, the overall picture of
polysaccharide structures able to inhibit thrombin is more diverse, and the richness of activity of
this collection of biosynthetic macromolecules is certainly not uniquely explained by such structures.
As a matter of fact, the chromatographic complexity of the octadecasaccharide fractions speak to the
diversity (Figure 2), just as well as the unexpected series of double AT binding octadecasaccharides
regioisomers studied herein (Figure 1). For these, the aFXa and aFIIa were assayed by chromogenic
assay and are reported in the Table 5.

Table 5. aFXa and aFIIa activities of isolated octadecasaccharides.

Structure
aFXa Activity

(IU/mg)
aFXa Activity

(IU/μmol)
aFIIa Activity

(IU/mg)

Octadecasaccharide 1 ΔIIa-IIsglu-Isid-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid 562 3090 8.8
Octadecasaccharide 2 ΔIIa-IIsglu-Isid-IIaid-IIsglu-Isid-Isid-Isid-Isid 371 2100 5.9
Octadecasaccharide 3 ΔIIa-IIsglu-Isid-Isid-IIaid-IIsglu-Isid-Isid-Isid 442 2502 9
Octadecasaccharide 4 ΔIs-IIaid-IIsglu-Isid-Isid-IIaid-IIsglu-Isid-Isid 540 3057 22.6
Octadecasaccharide 5 ΔIs-IIaid-IIsglu-Isid-Isid-Isid-IIaid-IIsglu-Isid 517 2927 81.5
Octadecasaccharide 6 ΔIs-Isid-Isid-IIaid-IIsglu-Isid-IIaid-IIsglu-Isid 705 3991 119.3

Regarding aFXa inhibitory potency, these series are on molar basis 1.5 to 2.6 times more potent
than the fondaparinux reference (1480 UI/μmol). This is in agreement with previous studies performed
on dodecasaccharides and tetradecasaccharides where the same phenomenon was observed [32]. As a
consequence, this further emphasizes that the double-site oligosaccharides are able, through a dynamic
equilibrium, to engage both AGA*IA sites with antithrombin and to increase by about twofold the
molar aFXa activity. At this stage however, more subtle interpretation of their ranking is difficult to
assess as it is established that several parameters, either synergistic or antagonistic, might influence
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their potency. Among them, we could highlight the spacer length between two AGA*IA sequences,
the nature of AGA*IA flanking oligosaccharides as well as their location either at RE or NRE.

Regarding thrombin activity, when the T-Domain flanking units are located at the reducing end,
the potency is between 5 and 9 IU/mg. This is very low when compared to the NLT 180 IU/mg of USP
Heparin. However, when T-domain flanking units are at the NRE, the thrombin activity is increasingly
noteworthy. Interestingly, the octadecasaccharides 4 and 5 have the same T domain (ΔIs-IdoA) followed
by an AGA*IA at the NRE but the aFIIa activities are respectively 22.6 and 81.5 IU/mg. In this case, the
location of the reducing end AGA*IA plays an important role. For compound 4, the RE pentasaccharide
is not completely at the end of the chain, whereas for 5, it is fully located at the reducing end of the
octadecasaccharide. This sequence configuration provides the opportunity to maximize the chain
length between at least one AGA*IA and the T-domain, which in turn strengthens the ternary complex
with antithrombin and thrombin.

The octadecasaccharide 6 possesses three consecutive Is disaccharides at the NRE and one AGA*IA
at the RE. This configuration maximizes both the anionic charge density for the T-domain and the
spacer chain length with the reducing end AGA*IA pentasaccharide. As a consequence, the thrombin
inhibition is the highest one observed in these series, with a value of 119.3 IU/mg. We conclude
that between the regioisomers 2 and 6, the thrombin inhibition potency increases by about 20 times,
which is in good alignment with the results obtained on synthetic compounds. However, there
are still some open questions remaining, especially when octadecasaccharide 1 is compared with
octadecasaccharides 5 and 6. For these three octadecasaccharides, there is one AGA*IA sequence
fully located at the reducing end. Their differences lie in the T domain. The last two disaccharides
could be considered to interact with thrombin and stabilize the complex according to Petitou et al. [19].
For octadecasaccharides 1, 5 and 6, there is respectively four, four and six sulfate groups. The charge
density influence on thrombin inhibition could be expected for octadecasaccharides 5 and 6 but does
not correlate for octadecasaccharide 1, which is at least 10 times less potent than 5 and 6. If we take into
account that the T-domain is also an AGA*IA sequence, antithrombin could compete with thrombin
and disfavor the ternary complex formation, which in turn might explain the very low potency of
octadecasaccharide 1.

3. Materials and Methods

3.1. Materials and Chemicals

Semuloparin was obtained from Sanofi (Vitry sur Seine, France). This product was prepared
according to Example 2 described in a U.S. patent [33]. All other reagents and chemicals were
of the highest quality available. Water was purified with a Millipore Milli-Q purification system.
Flavobacterium heparinum heparinase I (EC 4.2.2.7) and Δ4,5-Glucuronate-2-sulfatase were obtained
from Grampian Enzymes (Aberdeen, UK). AT used for the determination of biological activities was
freeze-dried material of human origin (Instrumentation Laboratory, Le Pre Saint Gervais, France).
FXa (71-nKat flask) was freeze-dried material of bovine origin (Instrument Laboratory). FIIa was
freeze-dried material of human origin (Stago, Asnières sur Seine, France). FXa (S2765, Instrumentation
Laboratory) and FIIa (S2238, Instrumentation Laboratory) substrates were freeze-dried materials.

3.2. Chromatographic Methods

Following the method in reference [12,17], 150 mm × 2.1 mm columns filled with Kinetex C18

2.6 μm particles (Phenomenex, Le Pecq, France) were used after the CTA dynamic coating. A linear
concentration gradient (0–2 M) of aqueous ammonium methane sulfonate, pH 2.5 was applied.

For the analytical control of collected fractions or chromatographic separations, a Carbopack AS11
column (250 mm × 2.1 mm) (Thermo Scientific Dionex, Courtaboeuf, France) was used with aqueous
NaClO4 mobile phase.
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LC/MS with an ion-pairing chromatographic system (Acquity UPLC BEH C18 column,
2.1 mm × 150 mm, 1.7 μm, Waters, Saint-Quentin-en-Yvelines, France) was the third orthogonal
method applied for deciphering the complex mixture [14,17]. The method initially described in [34]
and adapted in [14] was broadened [17] to determine the number of ion-pair adducts included in the
molecular ions. Briefly, each separation was duplicated, one using pentylamine (PTA) as ion pairing
reagent and the second one using hexylamine (HXA). The number of adducts could be deduced from
the mass shift in ion peaks obtained in parallel with both conditions. Partial degradation of 3-O
sulfated glucosamines located at the reducing end was detected when working at 40 ◦C, and therefore,
the operating column temperature was lowered to 30 ◦C for sequencing experiments.

3.3. Procedure for Isolation of Octadecasaccharides

The octadecasaccharide fraction was purified by gel permeation chromatography (GPC) from
semuloparin as previously described [17]. 1.85 g of semuloparin were directly injected on a system
equipped with two columns (100 × 5 cm (I.D.) connected in series, packed with polyacrylamide gel
(Bio Gel P-30, Fine, Bio Rad, Marnes-la-Coquette, France)), and circulated at 1.7 mL/min with NaClO4

0.2 M. UV detection was used at 232 nm. 600 g of semuloparin were injected in fractions over about
350 runs. Selected fractions were first concentrated, desalted on Sephadex G10 columns (100 × 7 cm)
and then lyophilized. Finally, 10 g of octadecasaccharides were obtained.

3.3.1. Fractionation on AT Affinity Chromatography

The octadecasaccharide fractionated by chromatography on an AT Sepharose column (30 cm × 7 cm)
as previously described [17]. The column was prepared by coupling human AT (2 g) as described by
Hoök et al. [35]. Octadecasaccharides (80 to 150 mg) were injected in each run. The low-affinity fraction
was eluted from the column with a 0.25 M NaCl solution buffered at pH 7.4 with 1 mM Tris/HCl at
12 mL/min. The five high-affinity octasaccharide fractions were eluted with a five step gradient of
NaCl (0.74 M, 1.23 M, 1.71 M, 2.2 M and 3.5 M NaCl and 1 mM Tris-HCl, pH 7.4). All fractions were
desalted on Sephadex–G10. After 100 injections on AT-affinity chromatography, 4.2 g were collected
for the low-affinity fraction, 800 mg for F1, 1.57 g for F2, 1.02 g for F3, 616 mg for F4 and 385 mg for F5.

3.3.2. Purification of Octadecasaccharide Fraction F3

Focus was given to the separation of octadecasaccharides regioisomers with 2 AGA*IA sequences
positioned differently within the chain (Figure 1). These are the components of major interest in
the affine fraction F3 (Figure 2). The five octadecasaccharide series were purified by combining
three chromatographic methods with orthogonal selectivities following the previously described
procedure [17] namely, CTA-SAX, AS11 and ion pairing chromatography. We distinguish herein
two distinct types of octadecasaccharides to guide the separation strategy. Type I octadecasaccharides
(2 and 3) are devoid of 2-O sulfation at the non-reducing end’s uronic acid whereas Type II compounds
(4, 5 and 6) are 2-O sulfated (Figure 1). The 2-O sulfation influences the maximum of the UV spectrum
and the retention behavior in CTA-SAX and AS11 chromatography. The details of the procedure are
reported in the Supplementary Data.

3.4. Structural Characterization by Enzymatic Sequencing

The sequencing of octadecasaccharides (10 to 20 μg) was done by controlled depolymerisation
with heparinase 1 from Flavobacterium heparinum following the described procedure [12,17]. The first
step for Type I oligosaccharides was reduction by NaBH4, used to selectively label the reducing end
disaccharide [17]. For Type II octadecasaccharides, Δ4,5-glucuronate-2-sulfatase was initially applied
to differentiate the non-reducing end, before the NaBH4 reduction. The reaction was initiated by the
addition of 10 μL of a 0.5 UI/mL solution of sulfatase diluted in KH2PO4 10 mM pH 7 and added in
combination with 2 mg/mL of bovine serum albumin (BSA). The advancement of the 2-O desulfatation
was followed by analytical CTA-SAX chromatography. At the end of the reaction, the residual enzyme
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was destroyed by a 2 min boiling step before performing NaBH4 reduction. After vacuum evaporation,
reduced octadecasaccharide was diluted in a 1.7 mL HPLC vial and the pH was adjusted to 7 by
addition of diluted ammonia or hydrochloric acid. Heparinase I was added (2 μL of a 0.5 UI/mL
solution) and depolymerisation was performed at 16 ◦C. The monitoring of the fragmentation was
done by injection on CTA-SAX and AS11 analytical columns. Injection in LC/MS was also performed
to confirm the structure of fragments.

3.5. Mass Spectrometry Conditions

ESI mass spectra were obtained using a Waters Xevo Q-Tof mass spectrometer. The electrospray
interface was set in positive ion mode with a capillary voltage of 2000 V and a sampling cone voltage
of 20 V. The source and the desolvation temperatures were respectively 120 and 400 ◦C. Nitrogen was
used as desolvation (750 L/min) and cone gas (25 L/min). The mass range used was 200–2000 Da
(scan rate 0.5 s).

3.6. NMR Spectroscopy

The octadecasaccharide sample (1 mg) was dissolved in D2O, freeze-dried with a final dissolution
in D2O (99.96% Euriso-Top, Saint-Aubin, France) and transferred into a 3-mm nuclear magnetic
resonance (NMR) sample tube. One-dimensional and two-dimensional (2D) NMR (1H-1H and 1H-13C)
spectra were recorded on a 600 MHz AVANCE II spectrometer (Bruker, Wissembourg, France) operating
at 599.80 MHz using a 5-mm TXI cryoprobe with standard pulse sequences and a probe temperature
of 30 ◦C. Proton spectra were recorded in 256 scans with a 2 s presaturation and a full recycle time of
6.5 s. The resolution prior zero filling was 0.2 Hz/pt. 2D-COSY and 2D-TOCSY with a mixing time
value of 120 ms were acquired using 64 scans per series of 4 K × 512 W with a resolution of 1.16 Hz/pt
before zero filling (4 K × 2 K) and appropriate apodization was applied prior to Fourier transformation.
The 2D-nuclear Overhauser enhancement spectroscopy (NOESY) was performed in similar way with a
mixing time value of 300 ms. The 2D-HSQC was performed using 64 scans per series of 1.5 K × 512 W
with a resolution of 3.28 Hz/pt before zero filling (2 K × 1 K). Spectrum calibration was achieved
by setting as external standard reference trimethylsilyl 2,2′3,3′-tetradeuteropropionoic acid (TSP-D4)
signal to 0 ppm.

3.7. Anti-Factor IIa Activity and Anti-Factor Xa Activity

AT solution of 1 IU/mL were prepared in pH 7.4 PEG 6000 buffer (0.1% PEG 6000 in pH 7.4 buffer
[50 mM Tris and 150 mM NaCl adjusted by HCl to pH 7.4]). FXa was prepared to 1.8 nkat/mL in
pH 7.4 PEG6000 buffer. FIIa was prepared to 5 IU/mL in pH 7.4 PEG6000 buffer. The chromogenic
substrate solution for FXa and FIIa was prepared to a final concentration of 0.5 mM in pH 8.4 buffer
(50 mM Tris, 175 mM NaCl, and 7.5 mM edetate disodium adjusted by HCl to pH 8.4). Semuloparin
biological standard (3000ET with assigned potencies of 101.4 IU/mL for anti-FXa and 1.8 IU/mL for
anti-FIIa), calibrated against the second LMWH international standard (NIBSC, code 01/608), was
used for calibration.

For anti-FXa titration, the semuloparin standard solution was diluted with pH 7.4 buffer to obtain
target concentrations of 0.04, 0.05, 0.06, and 0.07 IU/mL. Each concentration was assessed in duplicate
(two wells filled with the same diluted solution), and two independent experiments (independent
dispensing and dilutions) were conducted.

For anti-FIIa titration, the semuloparin standard solution was diluted with pH 7.4 buffer to
obtain target concentrations of 0.007, 0.008, 0.010, and 0.012 IU/mL. Each concentration was assessed
in duplicate (two wells filled with the same diluted solution), and three independent experiments
(independent dispensing and dilutions) were conducted.

Octadecasaccharide solution was prepared to a final concentration with activities in IU/mL close
to the semuloparin standard. The solution was then diluted and dispensed as for the standards.
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Plates were heated at 37 ◦C. Solutions for analysis (20 μL) were pipetted into a 96-well plate, and
20 μL of AT solution was added. Samples were then mixed and left for 60 s before 40 μL of the FXa
(or FIIa) solution were added, and the solutions were mixed and left for a further 60 s. Next, 100 μL of
chromogenic substrate solution were added, mixed, and left for 240 s. Finally, 100 μL of 42% acetic
acid solution were added, mixed, and left for 60 s before the optical density at 405 nm was read.

The internally developed software “Parallel”, running on the Statistical Analysis System
(SAS version 9.1, SAS France, Grégy-sur-Yerres, France)), was used for statistical analysis according to
the European Pharmacopoeia Ph. Eur. § 5.3 for parallel-line models. Each assay result was the mean
average of the independent valid tests.

4. Conclusions

The results of this study, while confirming the structure-activity relationship on synthetic
compounds, also demonstrate that the overall picture for thrombin inhibition compounds may
be much more complex in natural heparin sequences as well as for LMWH products. We have
demonstrated that for octadecasaccharide regioisomers, built up from the same AGA*IA sequences
and Is flanking disaccharides, thrombin inhibition potency may dramatically differ. Indeed, when the
AGA*IA sequences are located at the reducing end vs. the non-reducing end, the octadecasaccharide
becomes 20 times more potent in aFIIa activity (compound 6 vs. 2). This is in agreement with the
previous findings reported on synthetic compounds by Petitou et al. [19–21]. However, even if an
AGA*IA sequence is borne at the reducing end, the presence of another one at the non-reducing end
(compound 1) obviously destabilize the complex with thrombin and decrease the potency by one log of
magnitude order. The anionic charge density of T-domain is an important factor for thrombin binding
but its ability to interact strongly with other proteins should be taken into consideration to improve
our prediction of structure activity relationships. The findings developed in this paper pointed out
that for octadecasaccharides regioisomers the sequence arrangement is critical for interaction with
proteins regulating the coagulation cascade. This is emphasizing the role and the potential impact of
the selectivity of the heparin depolymerization process on the overall biological properties of LMWH.

Supplementary Materials: Supplementary materials are available online.
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Abstract: Fondaparinux sodium is a synthetic pentasaccharide representing the high affinity
antithrombin III binding site in heparin. It is the active pharmaceutical ingredient of the anticoagulant
drug Arixtra®. The single crystal X-ray structure of Fondaparinux sodium is reported, unequivocally
confirming both structure and absolute configuration. The iduronic acid adopts a somewhat distorted
chair conformation. Due to the presence of many sulfur atoms in the highly sulfated pentasaccharide,
anomalous dispersion could be applied to determine the absolute configuration. A comparison with
the conformation of Fondaparinux in solution, as well as complexed with proteins is presented. The
content of the solution reference standard was determined by quantitative NMR using an internal
standard both in 1999 and in 2016. A comparison of the results allows the conclusion that this method
shows remarkable precision over time, instrumentation and analysts.

Keywords: Fondaparinux sodium; extended physicochemical characterization; qNMR; single crystal
X-ray structure; reference standard; iduronic acid conformation; Arixtra®

1. Introduction

Fondaparinux sodium (referred to as ‘Fondaparinux’ in this article; Figure 1) is a synthetic
pentasaccharide [1] derived from the high affinity antithrombin III binding site in heparin, modified by
a methyl group at the reducing end. It is the active pharmaceutical ingredient of GSK’s anticoagulant
drug Arixtra® and a selective aXa inhibitor through antithrombin III [2] and lacks aIIa activity as a
result of its low molecular weight. As part of the extended physical characterization of Fondaparinux,
both structure (by X-ray) and standard content (by qNMR) are described in this paper. The X-ray
structures of Fondaparinux have previously been limited to co-crystals in complex with a number
of proteins [3–8]. Also, related synthetic (penta) saccharides complexed with protein have been
reported [9,10]. Furthermore, uncomplexed Fondaparinux (solution) structures determined by
(a combination of) theoretical calculations and NMR spectroscopy have been described [11–15]. In
solution, 3J(1H, 1H) coupling constants allow to determine the conformation of the pyranose residues
in heparin. The glucosamine and glucuronic acids residues adopt a stable 4C1-conformation. However,
the iduronate ring adopts 1C4 and 2S0 conformations rapidly interconverting on the NMR time
scale [11,12]. Complexation by proteins locks the iduronate residue in a single 2S0 conformation both
in the crystal [5,6,9,10] and in solution [16]. Also in the crystal of uncomplexed Fondaparinux, the

Molecules 2017, 22, 1362 171 www.mdpi.com/journal/molecules



Molecules 2017, 22, 1362

occurrence of a single iduronate conformation is foreseen. Here we report the X-ray single crystal
structure of uncomplexed Fondaparinux and compare it to the conformation of Fondaparinux in
solution, as well as complexed with proteins.

The content of ampoules of the Fondaparinux solution reference standard was determined
in both 1999 and 2016 by quantitative NMR (qNMR) using an internal standard. The results of
both determinations are discussed here. The ampoules of this standard are used to determine the
Fondaparinux content of Fondaparinux batches. For consistency, the ability to assure the long-term
stability of the standard content is crucial.

Figure 1. Structural formula of the synthetic anticoagulant pentasaccharide Fondaparinux sodium.
The anomeric D1 and F1 protons used for qNMR integration have been indicated in red.

2. Results

qNMR is a well-established and accepted method for content determination [17–19] and is
described in major pharmacopoeia [20–22]. The strength of qNMR lies in the fundamental property
that, under the right conditions, the integrated response of a proton in 1H-NMR will be identical in
every molecule. This implies that a content determination can be carried out relative to a completely
unrelated (but well-characterized) standard. We applied qNMR for the content determination of
ampoules standard solution of the relatively complicated compound Fondaparinux using a maleic
acid standard. Figure 2 shows an example of the 500 MHz 1H-NMR spectrum of a mixture of the
Fondaparinux standard and maleic acid in D2O with the signals used for integration indicated. We
performed these determinations on ampoules of the same standard both in 1999 and 2016 using an
identical protocol which yields a unique opportunity to assess the long-term reproducibility of the
qNMR method. The content determination in 1999 was performed at 400 MHz using a conventional
probe whereas the content determination in 2016 was done at 500 MHz using a cryo probe. Different
batches of maleic acid were used in 1996 and in 2017. For each experiment the tests were done by two
different analysts and on two different days. The differences between the determinations are listed in
the experimental section (Table 4).

The current analysis yields a content of 9.75 mg/mL with an SD of 0.06 mg/mL for the standard.
The analysis performed in 1999 yielded a content of 9.64 mg/mL with an SD of 0.08 mg/mL. The
two results are therefore not significantly different. The close correspondence between the two values
obtained about 17 years apart demonstrates the intrinsic robustness of the qNMR content determination.
Moreover, the differences between the two values is unlikely be due to degradation since the current
content is slightly higher than the one determined 17 years ago and no signals pointing at degradation
are currently detected in NMR.
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Figure 2. Example of the 500 MHz 1H-NMR spectrum of a mixture of the Fondaparinux sodium
standard and maleic acid in D2O with the relevant integrated signals.

2.1. Fondaparinux Single Crystal X-ray Structure

Fondaparinux drug substance is industrially obtained as an amorphous powder as is evident from
its X-ray powder diffractogram (XRPD; Figure 3; in green). Obtaining Fondaparinux single crystals
was challenging, probably due to its inherent flexibility and linear structure. Ultimately, crystals were
obtained as described in the Materials and Methods section. Several batches of crystals were produced.
For a crystal from one batch, a full single-crystal structure determination was undertaken. A crystal
from another batch was used for a unit-cell determination to ensure the similarity of these batches.
Finally, an XRPD measurement was done for one batch of crystals see Table 7 for unit-cell comparison).
In Figure 3, the blue trace shows the XRPD patterns of crystalline Fondaparinux. The XRPD pattern
calculated from the crystal structure is shown as the red trace in Figure 3. A polarization microscopy
image of representative crystals is displayed in Figure 4.

 

Figure 3. Comparison of the observed powder diffraction patterns of amorphous (green) and
crystallized Fondaparinux (blue) with the pattern calculated from the single-crystal structure (red).
The patterns are given an arbitrary displacement along the intensity axis to aid comparison. For the
calculated pattern, the unit-cell parameters were refined using the Rietveld method to allow for the
difference in data collection temperature. The reflection positions of observed and calculated patterns
show a good correlation. The relative intensities show some differences, which are most likely due to
the limited number of crystallites in the powder measurement, some preferred orientation effects and
small changes in structure (especially in the water molecules) due to the temperature difference.
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Figure 4. Polarized light microscopic picture at 40× magnification of Fondaparinux crystals formed
from a water/ethanol solution.

2.2. Structural Features of the Crystal Structure

The asymmetric unit of the crystal structure of Fondaparinux contains a pentasaccharide anion,
with one of the carboxylic groups protonated (vide infra), nine sodium cations, 17 water molecules
coordinated to one or more sodium atoms and 15 non-coordinated water molecules. A perspective
drawing of the molecular structure of the pentasaccharide Fondaparinux, along with the atomic
labeling scheme of the non-hydrogen atoms and the labeling scheme of the rings is given in Figure 5.

Figure 5. Perspective drawing of part of the asymmetric unit of the crystal structure of Fondaparinux.
Sodium ions and water molecules (coordinated and non-coordinated) are excluded for clarity. Rings
and atoms mentioned in the discussion are labelled. The bonds defining the glycosidic conformation
are highlighted in pink. Hydrogen bonds are marked with dashed lines. N3-H3N donates a hydrogen
bond to a translation related Fondaparinux molecule (x − 1, y, z − 1). The involved symmetry positions
are indicated with a *. Hydroxyl O16 donates a hydrogen bond to a water molecule not shown.

The sodium ions are coordinated by numerous oxygen atoms from the pentasaccharide and
extensively co-crystallized water molecules. The seven ordered sodium ions are coordinated by six
oxygen atoms each. For the ordered ions, most Na...O distances fall in the range 2.3–2.7 Å. However,
a small number of Na...O distances up to 2.9 Å are observed. The two disordered sodium ions are
also surrounded by a total of six oxygen atoms that can be assigned to the coordination shell, but
this shell is somewhat larger than that observed for the ordered sodium atoms. As a result of this,
the sodium can take up several positions and some of the individual disorder components are only
directly coordinated by five oxygen atoms. Full details of the observed coordination distances are
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given in the deposited Crystallographic Information File. Through these coordinative bonds an infinite
three-dimensional structure is formed. A perspective drawing of the infinite substructure formed by
sodium counter-ions, sulfate groups and coordinated water molecules is included in the Supporting
Information. The final model contained no solvent accessible void. DFT calculations also indicated
extensive coordination to both sodium ions and water (e.g., [13,15]).

3. Discussion

The individual glucosamine (D, F and H) rings have adopted the conventional stable 4C1 chair
conformation. The glucuronic acid ring (E) is in a slightly distorted 4C1 chair-conformation. The
iduronic acid G ring conformation has been the subject of intense debate [11–15,23–26]. Uncomplexed
in solution, its structure cannot be described by a single conformer but is an equilibrium of 1C4, chair
and 2S0. Skew-boat conformations with the equilibrium shifted to the 2S0 conformation [11–15,23–26].
The conformation is 2S0 in complex with antithrombin III [5,6,16].

In our crystal structure, the iduronic acid ring (G) is in a chair conformation, heavily distorted
towards a half-chair conformation with the best-fitting local twofold rotation axis running through the
midpoint of the bond ring O–C5 (crystal structure numbering O39–C23; see Table 1 for quantification
using Cremer & Pople puckering parameters [27]). The iduronic ring conformation is therefore
clearly different from the conformation reported by Johnson et al. [5], who found a skew-boat
conformation (related Cremer & Pople puckering parameters are included in Table 1). A comparison
of the conformations of the iduronic acid G ring in both structures is given in Figure 6. Interestingly,
in the co-crystal of heparin and teichoic acid α-glycosyl transferase the iduronic acid adopts a chair
conformation according to the coordinates reported by Sobhanifar et al. ([8], PDB entry 4X7R), related
Cremer & Pople puckering parameters are also included in Table 1.

(a) (b)

Figure 6. A comparison of the conformations of the iduronic acid G ring structures in uncomplexed
Fondaparinux (a) and Fondaparinux co-crystallized with antithrombin (b); from PDB entry 2GD4) [5].

The overall conformation of the pentasaccharide can be described in terms of the torsion angles of
the glycosidic links between the carbohydrate rings. An alternative description uses the dihedral angles
between least-squares planes fitted through the ring atoms. Numerical data for both descriptions
are given in Table 2. Table 2 contains the same set of descriptors for the pentasaccharide molecules
co-crystallized with antithrombin S195A, platelet factor 4 and a glycosyl transerase as well as for the
structure in solution determined by NMR. A comparison of the free and co-crystallized pentasaccharide
shows only relatively small differences when the glycosidic links between adjacent sugar rings are
considered. In most cases the range of torsion angles observed is approximately 30 ◦C. However,
in combination with the conformational change of the iduronic acid, these differences add up to a
substantial difference for the overall conformation of the pentasaccharide. This can be convincingly
illustrated by the angle between the least-squares planes fitted through rings D and H, which shows a
difference of almost 60 ◦C. This difference in dihedral angles (which have a defined range of 0–90 ◦C)
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corresponds to the mean planes of rings D and H being almost parallel in the crystal structure of
Fondaparinux while they are almost perpendicular in complex 2GD4.

Table 1. Cremer & Pople puckering parameters for the rings in the Fondaparinux structure published
here (FP). Parameters for a selection of ideal conformations are included for comparison in a separate
section; k is an integer number [27]. For comparison, the values calculated from the published
coordinates of a selection of co-crystals of proteins and heparin. These are indicated with their
PDB codes: 2GD4 is antithrombin S195A with heparin [5]; 4R9W is platelet factor 4 with heparin [7],
4X7R is wall teichoic acid glycosyl transferase [8]. The last column reports the values calculated
from the coordinates of a solution NMR study [28]. 2GD4 and 4X7R contain two crystallographically
independent heparin molecules; values for both are included.

Reference Values

θ ϕ

Chair 0 or 180 (any value)
Half-chair 50.8 or 129.2 k × 60 + 30

Boat 90 k × 60
Skew-boat 90 k × 60 + 30

Observed Values

FP 2GD4 1 2GD4 2 4R9W 4X7R 1 4X7R 2 NMR Solution

θ ϕ θ ϕ θ ϕ θ ϕ θ ϕ θ ϕ θ ϕ

D 0 349 7 64 7 65 12 308 7 0 6 342 4 26
E 8 23 3 94 3 92 18 40 8 339 1 350 5 22
F 0 227 7 76 7 76 7 7 5 21 4 18 7 107
G 165 135 91 140 91 140 90 1 169 142 170 109 92 133
H 4 298 7 268 7 268 89 208 5 28 14 68 10 324

Table 2. Description of the overall conformation of the pentasaccharide in terms of torsion angles (deg.)
of the C–O backbone in the glycosidic links (see also Figure 5 where these backbones are highlighted)
and dihedral angles (deg.) between least-squares planes fitted through the ring atoms. Atom and ring
labels are given in Figure 5; s.u.’s are included in parentheses. For comparison, the values for various
other structures are included in the Table, see the legend of Figure 1 for details of the abbreviations
used here.

Torsion Angles (deg) FP 2GD4 1 2GD4 2 4R9W 4X7R 1 4X7R 2 NMR Solution

τ(O7–C1–O1–C10) 90.0(9) 101.4 101.4 69.5 96.4 95.5 76.9
τ(C1–O1–C10–C11) −143.9(10) −157.6 −158.0 −155.4 −128.2 −126.1 −151.4
τ(O17–C7–O12–C16) −82.3(7) −84.4 −84.3 −70.2 −94.6 −93.0 −55.2
τ(C7–O12–C16–C17) −103.4(6) −120.8 −121.0 −105.1 −100.5 −97.2 −111.0
τ(O30–C13–O18–C22) 88.5(7) 63.1 62.4 71.0 73.2 73.7 89.2
τ(C13–O18–C22–C23) −145.9(6) −157.0 −156.2 −132.0 −152.0 −146.2 −143.8
τ(O39–C19–O31–C28) −72.0(7) −67.8 −-67.5 −77.0 −65.2 −66.6 −73.0
τ(C19–O31–C28–C29) −118.7(6) −108.5 −108.7 −139.2 −106.8 −110.2 −134.0

Dihedral Angles (deg) FP 2GD4 1 2GD4 2 4R9W 4X7R 1 4X7R 2 NMR Solution

χ (D,E) 57.4(5) 57.4 57.6 63.1 48.9 44.6 58.2
χ (D,H) 14.0(3) 71.3 71.4 31.7 13.6 12.7 30.3
χ (E,F) 57.3(5) 35.7 35.5 68.9 48.4 50.2 69.3
χ (F,G) 66.6(4) 78.8 78.8 89.7 69.7 72.2 84.0
χ (G,H) 39.3(4) 33.8 33.7 20.7 57.0 53.4 3.4

The intramolecular hydrogen bond between rings D and E, found in the Fondaparinux crystal
structure, is also present in the co-crystal with antithrombin. In the latter, an even shorter
donor-acceptor distance of 2.98 Å is found, suggesting a reasonably strong hydrogen bond. The
intramolecular hydrogen bond between residues F and G (iduronic acid), found in the single-crystal
structure of Fondaparinux, is not present in the pentasaccharide unit in the co-crystal. The
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conformational change of the iduronic acid to a twist-boat has moved the accepting sulfate out
of reach of the sulfamido group. In the co-crystal, this sulfamido group rotated around the bond to
which it is attached to the sugar ring so that an intramolecular hydrogen bond to the neighbouring
sulfate group attached to the same sugar ring can be formed (donor-acceptor is 2.98 Å, also suggesting
the presence of a reasonably strong intramolecular hydrogen bond).

The sulfamido groups play an important role in stabilizing the pentasaccharide molecule in a
relatively linear conformation by forming two N-H...O intramolecular hydrogen bonds. The NH
hydrogen of the sulfamido group in carbohydrate residue F is involved in an interresidue hydrogen
bond to an oxygen of the 2-sulfate group residue G, as shown in Figure 5. This hydrogen bond is
also found in solution [15]. Previously, in solution, an intraresidue hydrogen bond between the NH
hydrogen of the sulfamido group in carbohydrate residue F and the adjacent 3-sulfo group [15,28] was
found. This hydrogen bond is not observed in the crystal, possibly as a consequence of the different
conformation of the iduronic acid G discussed above. Geometric details are given in Table 3.

Table 3. Geometric details of selected hydrogen bonds (Å, deg.). Standard uncertainties are given in
parentheses (only available for D...A since H atoms were not freely refined). Hydrogen bond type refers
to intramolecular or intermolecular hydrogen bonds. The listed hydrogen bonds are also indicated in
Figure 5.

Involved Atoms Type D–H H . . . A D . . . A D–H . . . A

N1–H1N . . . O14 intra 0.92 2.52 3.282(14) 141
N2–H2N . . . O32 intra 0.92 2.18 3.095(9) 172

N3–H3N . . . O2 (x − 1, y, z − 1) inter 0.92 2.26 2.972(12) 134
O16–H16H . . . O76 (water) inter 0.84 1.91 2.54(3) 131

Besides the items listed in Table 3, the crystal structure displays numerous hydrogen bonds, which
further strengthen the infinite three-dimensional network formed by the pentasaccharide ions, sodium
ions and water molecules. As can be expected in view of their acidic nature, all SO3H groups are
deprotonated, which is supported by the observed equality of the S–O bond lengths.

Interestingly, the geometry of the carboxylic acid group bonded to ring E strongly suggests a
protonated, neutral acid group (d(C12–O15) = 1.09(2) Å, d(C12–O16) = 1.40(3) Å), in spite of the fact
that the crystallization was carried out at neutral pH. Due to high anisotropic displacement parameters,
the C–O distances appear shortened. The anisotropicity is also reflected by the accuracy of these
bond lengths, which is significantly lower than that of similar bond lengths in other sections of the
pentasaccharide anion. The presence of a hydrogen bond acceptor at hydrogen bonding distance from
O16 (see Table 3) supports the model of a protonated acid group. However, the unfavorable value of
the D–H . . . A angle (131 deg) does not suggest this is a particularly strong hydrogen bond.

The acid group bonded to ring G (iduronic acid) is deprotonated as expected, as is clearly shown
by the similar lengths of the C–O bonds: d(C24–O37) = 1.242(11) Å and d(C24–O38) = 1.267(10) Å.

Based on the covalent angles between their substituents, the nitrogen atoms N1, N2 and N3 can be
considered sp3 hybridized, which is common for this type of group. The coordinates of the hydrogen
atoms bonded to the nitrogen atoms were derived from the availability of hydrogen bond acceptors
at reasonable distances from the nitrogen donor atoms (see “Crystal Structure Determination and
Refinement”).

Absolute Configuration

The Flack x-parameter and its standard uncertainty u(x) can be used to assess absolute
structure and absolute configuration [29,30]. A structure determination is considered to have strong
inversion-distinguishing power if u(x) < 0.04. If the enantiopurity of a sample is certain, a less strict
criterion is applied. When u(x) < 0.08, the experiment is considered to have enantiopure sufficient
inversion-distinguishing power. If one of these criteria is met, a numerical value of x that lies within
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statistical fluctuation of zero, i.e., |x| < 2 u(x), assures a valid absolute structure (and absolute
configuration) determination from a single crystal which is not twinned by inversion. The cited criteria
are taken from Flack and Bernardinelli [31].

In this study, a value of −0.02(11) was found by classical fit to all intensities, which does
not satisfy the criterion for enantiopure sufficient inversion-distinguishing power. However, as
argued by Parsons et al. [32] anomalous dispersion differences can be obscured by other effects,
such as absorption and extinction. If these effects are filtered out as proposed by these authors, and
x-value of 0.017(14) is obtained, we can classify the current structure determination as having strong
inversion-distinguishing power.

As a final alternative to assess the absolute configuration, the method of Hooft et al. [33] was
considered. Using Bayesian statistics, these authors offer a method that gives reliable absolute structure
determinations even in cases where only weak anomalous scatterers are present. According to this
method, the probability that the absolute configuration was determined correctly is calculated to be
1.00, based on the assumption of an enantiopure sample. In case the measured crystal is a racemic twin,
the twin ratio, expressed as the y-parameter, comparable to Flack’s x-parameter, amounts to −0.002(14),
further confirming the correct assignment of the absolute configuration of the enantiopure sample.

4. Materials and Methods

4.1. General Information

4.1.1. Materials

The Fondaparinux standard was prepared from a commercially manufactured Fondaparinux
batch and underwent an additional ion exchange chromatography purification. Maleic acid batches
were obtained from Acros (Geel, Belgium; in 1999) or Fluka (St. Louis, MO, USA; Lot BCBV2002V,
in 2016) and used as such. The content of the maleic acid batches of 99.61 (1999) and 99. 99% (2016)
was taken from the Certificate of Analysis from the supplier. D2O was used as a solvent since both
Fondaparinux and the standard maleic acid are charged molecules and well soluble in water. 0.01%
w/v TSP-d4 was used as a chemical shift reference at 0 ppm. The 500 MHz 1D 1H spectrum of
Fondaparinux and maleic acid is displayed in Figure 1 including the D1, F1 and maleic acid proton
integrals used for content determination.

From an ampoule of Fondaparinux standard solution, 0.5 mL was transferred into an Eppendorf
and 0.5 mL of a 0.67 mg/mL maleic acid standard solution was added. After stirring, the content
of the Eppendorf was then frozen in a dry-ice ethanol mixture and subsequently lyophilized (>8 h,
−50 ◦C, <300 mbar). After lyophilizing 0.7 mL D2O was added to the freeze-dried material and
subsequently stirred until complete dissolution. The solution was then transferred into a NMR tube.
Five determinations were performed by two different analysts on two different days.

4.1.2. Fondaparinux Crystallization

Fondaparinux (100 mg) was dissolved in 2.5 mL of demineralized water in a flat-bottomed flask
or bottle. The temperature was increased to 70 ◦C to dissolve the material. 5.5 mL of ethanol at room
temperature was slowly added while maintaining the temperature at 70 ◦C to saturate the solution
(the solution became slightly turbid). The solution (or even slightly turbid mixture) was then cooled to
RT. No stirring was applied.

The turbidity of the mixture increased under cooling. Over time, the turbidity decreased, and
in turn, an oily liquid (or drops) was formed on the bottom of the flask. After a while, the oily
drops changed and crystallized (this procedure was not an optimized process and it took weeks
before crystallization occurred). Various crystallization experiments of Fondaparinux (maximum
concentration 16 mg/mL) were successful with an ethanol content between 70% and 90%. In addition,
when available, seeding crystals were used to speed up the crystallization process.

178



Molecules 2017, 22, 1362

4.2. Methods

4.2.1. qNMR

Spectrum Acquisition and Processing

1H-NMR spectra were recorded on a Bruker NMR spectrometer (Bruker BioSpin, Billerica, MA,
USA) according to the settings in Table 4.

Table 4. Acquisition and processing settings of the qNMR experiment.

Acquisition 1999 2016

Spectral frequency 400 MHz 500 MHz
Probe 5 mm QNP probe TCI Cryo Probe

Temperature 25 ◦C/298 K

Spinning 20 Hz Off

Flip angle 60◦
Relaxation delay 30 s

Dummy scans 4 2
Number of scans 128 32

Number of data points 64 k

Processing
Exponential line-broadening 0.5 Hz 0.3 Hz

Zero-Filling 64 k 132 k

The recorded spectra were manually phased and baseline corrected, and the signals of maleic acid
and the anomeric protons D1 and F1 (indicated in red in Figure 1) were integrated as described in the
protocol. The content of Fondaparinux in an ampoule was then calculated according to the formula:
CFP = WMA/VFP × IFP/IMA × MWFP/MWMA × PMA/PFP where CFP = concentration of Fondaparinux
in the ampoule, WMA = weight of maleic acid (=concentration stock solution (mg/mL) × 0.5 mL);
VFP = volume of Fondaparinux taken from the ampoule (typically 0.5 mL); IFP = integral of selected
signals of Fondaparinux; IMA = integral of maleic acid set at 2.0000 for each sample MWFP = molecular
weight of Fondaparinux (1728.088); MWMA = molecular weight of maleic acid (116.07); PMA = purity
of maleic acid (99.99%); PFP = purity of Fondaparinux (assumed to be 100%). The determination was
performed in fivefold by two technicians on two different days and the average Fondaparinux content
(mg/mL) was reported including the standard deviation and the relative standard deviation (RSD).

4.3. XRPD

X-ray powder diffractograms were obtained on a Miniflex600 diffractometer (Rikagu, Tokyo,
Japan) using the settings listed in Table 5 below.

Table 5. XRPD settings.

XRPD Settings

X-ray 40 kV, 15 mA
Goniometer MiniFlex 600
Wavelength Cu Kα (1.541 Å)

Filter Kβ(Ni)
Scan speed/Duration time 2.0000 deg/min

Step width 0.0200 deg
Scan axis θ/2-θ

Scan range 3.0000–40.0000 ◦C ambient
Temperature Ambient
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4.4. Crystal Structure Determination and Refinement

A colorless, block-shaped crystal of approximate dimensions 0.10 × 0.20 × 0.20 cm was fixed to
the tip of a glass capillary and transferred into the cold nitrogen stream on a kappa-CCD diffractometer
(Bruker-Nonius, Billerica, MA, USA) on rotating anode. Raw data were reduced with DENZO [34].
Crystal data and details on data collection and refinement are presented in Table 6.

Table 6. Crystallographic data. Unit cell parameters are listed in Table 5.

Crystal Data

Formula [C31H44N3O49S8]9−·9Na+·32H2O
Molecular weight 2282.60

Crystal system monoclinic
Space group P21 (No.4)
Dcalc, g cm−3 1.784

Z 2
F(000) 2380

μ (MoKα), mm−1 0.401
Crystal size 0.2 × 0.3 × 0.3

Data collection

T, K 150
θmin, θmax, deg 1.00, 27.49

Wavelength (MoKα), Å 0.71073 (graphite monochromated)
Distance crystal to detector, mm 45

X-ray exposure time, h 7.0
Refined mosaicity, deg 0.914(1)

Data set (hkl-range) −13:13, −29:29, −24:24
Completeness at sin θ/λ = 0.6 Å−1 100.0% (no refl. missing)

Total data 81362 (Rσ = 0.0498)
Total unique data 19366 (Rint = 0.0396)

Refinement

No. of refined parameters 1114
wR2 0.2211

R 0.0786 [for 16915 Fo > 4σ(Fo)]
S 1.041

w−1 σ2(F2) + (0.1328P)2 + 11.21P
(Δ/σ)av, (Δ/σ)max <0.0001, 0.0002

Δρmin, Δρmax, e Å−3 −0.84, 1.87 (near Na)

The unit-cell parameters were checked for the presence of higher lattice symmetry [35]. Data were
not corrected for absorption. The structure was solved by automated direct methods (SHELXS86 [36]).
Refinement on F2 was carried out by full-matrix, least-squares techniques (SHELXL 2016-6 [37]);
no observance criterion was applied during refinement. Two of the sodium ions and some of the
water molecules coordinated with one of these sodium ions were found to be disordered. A disorder
model with two positions for each of the atoms involved was introduced. The two sites for each
sodium atom are close to each other. The site occupation factor of the major component refined to
0.502(11) for Na7 and 0.549(17) for Na9 and associated disordered water molecules. All hydrogen
atoms were included in the refinement on calculated positions riding on their carrier atoms. The
methyl hydrogen atoms and the hydroxyl hydrogen atoms were refined as rigid groups, allowing
for rotation around the C–O bonds. Starting positions of the methyl hydrogen were derived from a
difference Fourier map. The hydrogen atoms of the non-coordinated water solvent molecules could
not be located on difference Fourier maps. Furthermore, the coordinates of these atoms could not
be derived unambiguously from the distribution of potential hydrogen bond donors and acceptors.
Most likely, there is extensive disorder in the hydrogen atoms of the non-coordinated water molecules.
Displacement parameters of the oxygen atoms of the non-coordinated water molecules indicate that
there is a slight disorder in their positions as well. Therefore, no further attempts were made to
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include these hydrogen atoms in the atomic model. All ordered non-hydrogen atoms were refined with
anisotropic atomic displacement parameters. Atoms in the major disorder component were refined
with isotropic displacement parameters, which were coupled to the isotropic displacement parameters
of the related atoms in the minor component. Hydrogen atoms were refined with fixed isotropic
displacement parameters related to the value of the equivalent isotropic displacement parameters of
their carrier atoms by a factor of 1.5 for methyl, hydroxyl and water hydrogen atoms, and 1.2 for all
other hydrogen atoms.

The Flack x-parameter [29], derived during the final structure-factor calculation, amounts
to −0.02(11) by classical fit to all intensities and 0.017(14) from 7033 selected quotients (Parsons’
method, [32]). Refinement of the inverse absolute structure resulted in an x-parameter of 1.04(11)
(value derived during final structure-factor calculation). Figures of merit for this inverted structure
are R1 = 0.0791, wR2 = 0.2223 (weighting scheme not optimized) and S = 1.0. Refinement of a racemic
twin model gave a twin ratio of reported versus inverted structure of 1.00(11):0.00; the twin model was
therefore not used.

Neutral atom scattering factors and anomalous dispersion corrections were taken from the
International Tables for Crystallography [38]. Geometrical calculations and illustration were performed
with PLATON [39].

Unit Cell Determination

At T = 150 K, a data set was collected, consisting of a scan of 20 deg of ϕ divided into 20 image
frames, using MoKα-radiation (λ = 0.71073 Å). The unit cell was determined using DENZO [28].
Results are summarized in Table 7.

Table 7. Unit cell parameters of Fondaparinux determined for the single-crystal study, the cell check of
a second batch, and the powder diffraction study. In all cases systematic absences indicate the space
group is P21. s.u.’s are included in parentheses.

Single Crystal (DW1623B) Cell Check (DW1637A) Powder

a, Å 10.0296(2) 10.0132(18) 10.144(3)
b, Å 23.0353(6) 23.067(5) 22.992(5)
c, Å 18.9666(7) 18.820(3) 18.626(6)

β, deg 104.1420(14) 103.731(2) 102.65(2)
V, Å3 4249.1(2) 4222.6(2) 4238.8(4)

Refined mosaicity, deg 0.914(1) 1.626(9) -
T, K 150 150 ambient

5. Conclusions

Both Fondaparinux structure (X-ray) and content (qNMR) have been addressed in this paper.
The content of ampoules of a Fondaparinux solution standard was determined using qNMR. For
consistency, the ability to assess the long-term stability of the content of the standard is crucial since the
standard content is used to determine the content of Fondaparinux batches. The 2016 analysis yielded
a content of 9.75 mg/mL (SD 0.06 mg/mL) whereas the analysis performed in 1999 yielded a content
of 9.64 mg/mL (SD of 0.08 mg/mL). qNMR shows remarkable precision over time, instrumentation
and analysts, pivotal for consistent content determination.

The determination of the single crystal X-ray structure including the absolute configuration
of Fondaparinux crystals allowed an unequivocal proof of structure. The iduronic acid residue in
the uncomplexed Fondaparinux adopts a chair conformation heavily distorted towards a half chair.
Interestingly, this iduronic acid conformation was also found in the complex of heparin with wall
teichoic acid transferase according to the coordinates published [8]. The iduronic acid conformation
also provides solid evidence of the thermodynamic accessibility of this chair conformation of
iduronic acid within a pentasaccharide, (and thereby helps to extend our knowledge of the available
conformational space).
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Abstract: Glycosaminoglycans are complex biomolecules of great biological and medical importance.
The quantification of glycosaminoglycans, in particular in complex matrices, is challenging due to
their inherent structural heterogeneity. Heparin Red, a polycationic, fluorescent perylene diimide
derivative, has recently emerged as a commercial probe for the convenient detection of heparins
by a mix-and-read fluorescence assay. The probe also detects glycosaminoglycans with a lower
negative charge density than heparin, although with lower sensitivity. We describe here the synthesis
and characterization of a structurally related molecular probe with a higher positive charge of +10
(vs. +8 of Heparin Red). The superior performance of this probe is exemplified by the quantification
of low dermatan sulfate concentrations in an aqueous matrix (quantification limit 1 ng/mL) and
the detection of dermatan sulfate in blood plasma in a clinically relevant concentration range.
The potential applications of this probe include monitoring the blood levels of dermatan sulfate after
administration as an antithrombotic drug in the absence of heparin and other glycosaminoglycans.

Keywords: perylene diimide dyes; dermatan sulfate; fluorescent probe; Heparin Red; assay; dermatan
sulfate; human plasma

1. Introduction

Glycosaminoglycans are complex biomolecules of great biological and medical importance.
They are composed of linear, polydisperse polysaccharides with a highly variable sulfation pattern
(with the exception of hyaluronate, which is not sulfated). This structural heterogeneity makes
the quantification of glycosaminoglycans challenging. There is a continuous search for more
convenient, precise and sensitive quantification methods, in particular for complex biological
matrices. Various molecular probes for the direct optical detection of glycosaminoglycans (mainly of
heparin, a widely-used antithrombotic drug) have been described [1]. Such probes enable convenient
detection by photometry or fluorimetry, although their performance in complex biological matrices
is often limited by interference. The fluorescent probe Heparin Red has recently emerged as a
component of commercially available assays for the quantification of heparins in various matrices [2–4].
It is implemented in several drug development projects for the pharmacokinetic monitoring of
non-anticoagulant heparins, a promising class of drug candidates [5]. Heparin Red is a polyamine
modified, red-emissive perylene diimide fluorophore (Scheme 1, right).

It forms a supramolecular aggregate with glycosaminoglycans, resulting in contact quenching of
fluorescence (Scheme 2). The strong binding of the polycationic probe to polyanionic heparin appears to
be controlled by both electrostatic and aromatic π-stacking interactions [6]. While electrostatic repulsion
between dye molecules prevents spontaneous aggregation in the solution, the charge neutralization
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by polyanionic heparin favors the formation of π-stacked complexes between the hydrophobic
chromophore moieties in the ground state, leading to efficient static quenching. Heparin Red has also
been applied to the determination of polysaccharides, such as heparan sulfate [7] and fucoidan [8],
that have a lower negative charge density than heparin, but the sensitivity in a plasma matrix is
significantly lower. An ultrasensitive assay with a quantification limit in the pg/mL range for the
highly sulfated polysaccharide dextran sulfate in an aqueous matrix has also been described [9].

 

Scheme 1. Molecular structures of the probes PDI-1 and Heparin Red in their fully protonated state
(charge +10 and +8, respectively).

 
Scheme 2. Schematic representation of fluorescence quenching of polycationic probe molecules in the
presence of dermatan sulfate due to the formation of non-fluorescent aggregates.

Dermatan sulfate is a linear, polydisperse sulfated polysaccharide belonging to the glycosamino-
glycan family. It is built of a major repeating disaccharide unit consisting of iduronic acid and galactosamine
(Scheme 3). The galactosamine may be 4-O or 6-O-sulfated and the iduronic acid is 2-O-sulfated.
Typically, the average degree of sulfation is around one per disaccharide. Dermatan sulfate is the
predominant glycosaminoglycan expressed in the skin and is released at high concentrations during
wound repair. It is also implicated in other biological processes [10], such as development, growth,
infection, tumorigenesis and coagulation [11]. Elevated dermatan sulfate levels in plasma or urine have
been suggested as a biomarker for certain types of mucopolysaccharidosis [12]. Dermatan sulfate-based
drug formulations have been launched for the prevention of venous thromboembolism in Italy
(marketed as Mistral) [13] and Portugal (marketed as Venorix). It is also a component of Sulodexide,
a more widely-used antithrombotic agent [14]. Dermatan sulfate is produced by extraction from animal
tissues, including a complex multistep purification process. The structural heterogeneity makes the
direct quantification of dermatan sulfate in complex matrices such as human plasma challenging.
Disaccharide analysis [15] provides both quantification and valuable information on dermatan sulfate
structure, but involves tedious multistep protocols with sample pretreatment. In clinical settings,
dermatan sulfate blood levels are indirectly monitored by coagulation assays [16].

We describe here the direct determination of dermatan sulfate in aqueous and plasma matrices
by a new fluorescent probe, PDI-1 (Scheme 1). The latter is structurally related to Heparin Red but
has a higher positive molecular charge (+10 vs. +8 for Heparin Red). The enhanced performance of
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this probe is demonstrated by the determination of dermatan sulfate at low concentrations and in
a competitive human plasma matrix.

 

Scheme 3. Major iduronic acid-galactosamine repeating disaccharide unit of dermatan sulfate,
mono-sulfated form. The sulfation pattern is variable; possible sites of sulfation are galactosamine 4-O,
6-O and iduronic acid 2-O. The disaccharide moiety may be unsulfated, mono- or disulfated.

2. Results and Discussion

2.1. Synthesis and Properties of the Polyamine-Functionalized Perylene Diimide Probe PDI-1

The synthesis of PDI-1 is described by Scheme 4. A tetra-Boc-protected form of the pentaamine
1,5,9,14,18-pentaza-octadecane was prepared based on a procedure described in the literature [17],
and combined with 1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride [18] in refluxing
toluene to the perylene diimide derivative PDI-3. The latter was reacted further with 3-(N-Boc)-
aminopropanol in tetrahydrofuran, using the base lithium diisopropylamide for the deprotonation
of the OH-group; nucleophilic aromatic substitution of bromide led to the fully N-protected
intermediate PDI-4. The deprotection of PDI-4 in MeOH/HCl, purification by semi-preparative
high-performance liquid chromatography (HPLC) using aqueous trifluoroacetic acid-acetonitrile
as an eluent and exchange of the trifluoroacetate counterion with chloride by precipitation
from acetonitrile gave the target compound [PDI-1]Cl10. The probe was characterized by 1H-
and 13C-NMR spectroscopy, electrospray mass spectrometry, UV-Vis spectroscopy, fluorimetry
and analytical HPLC. The photophysical properties such as visible absorbance and fluorescence
spectra (λmax (Abs) = 576 nm, ε (576 nm) = 35,300 M−1 cm−1), λmax = 615 nm, quantum yield φF = 0.17)
in a buffered aqueous medium (pH 7) of PDI-1 are very similar to those of Heparin Red.

2.2. Detection of Dermatan Sulfate in Aqueous Samples

The response of the probes to dermatan sulfate is controlled by the detection medium; while
a high proportion of dimethyl sulfoxide (DMSO) suppresses any response [4], the assay becomes
sensitive to dermatan sulfate at a high proportion of water. All detections were performed with spiked
samples using commercially available dermatan sulfate sodium salt from porcine intestinal mucosa.
A sulfation degree of 1.1 per disaccharide was calculated from the analytical data given in the certificate
of the provider (S elemental analysis and water content), and refers to the repeating disaccharide unit
given in Scheme 3. The resulting negative charge density per monosaccharide is −1.05, significantly
lower in comparison to heparin (−1.7).

Figure 1 shows the titration of 1 μM solutions of the fluorescent probes PDI-1 and Heparin Red,
respectively, with dermatan sulfate in an aqueous buffer. A linear decrease of fluorescence intensity
with increasing dermatan sulfate concentration was observed. To reach the endpoint of the titration,
19% more dermatan sulfate was needed in case of PDI-1. This is in line with the formation of charge
neutral, fluorescence-quenched aggregates [6]. Since the charge of PDI-1 in its fully protonated state
is +10 but the fully protonated state of Heparin Red only +8, more dermatan sulfate is required for
neutralization of the former. The experimental titration endpoints of 1.6 μg/mL for Heparin Red

and 1.9 μg/mL for PDI-1 were somewhat lower than the theoretical values of 1.7 and 2.2 μg/mL,
respectively, due to the formation of charge-neutral aggregates. The probes may not be fully protonated
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in the aggregates under the specified conditions, since the proximity of the dye molecules (Scheme 1)
could lower the pKa value of the ammonium groups.

 

Scheme 4. Synthesis of probe PDI-1, chloride counterions not shown.
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Figure 1. Normalized fluorescence response (F/F0) of probes PDI-1 and Heparin Red to dermatan
sulfate. Excitation at 550 nm, fluorescence emission recorded at 610 nm. A solution of 1 μM probe in
10 mM MOPS pH 7 was placed into a polymethyl methacrylate (PMMA) cuvette and “titrated” with
10 μL aliquots of a 25 μg/mL dermatan sulfate solution.
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We have recently described [9] a modified Heparin Red assay that enables the very sensitive
quantification in the pg/mL range of the sulfated polysaccharide dextran sulfate in an aqueous matrix.
The same protocol (see Materials and Methods for details) enables the highly sensitive detection of
dermatan sulfate. Figure 2 compares the titration of a 1 nM solution of PDI-1 and Heparin Red,
respectively, with dermatan sulfate. Interestingly, less dermatan sulfate is required for the quenching
of probe PDI-1 under these conditions. The dermatan sulfate/PDI-1 ratio at the titration endpoint is
higher compared with the titration in Figure 1. Apparently, excess dermatan sulfate is needed to shift
the equilibrium towards the aggregate at a low concentration of the components. This can only partly be
interpreted with a protonation of the carboxylate groups of dermatan sulfate under the assay conditions
(5 mM HCl), which may lead to a lower charge density of −0.5 per monosaccharide. Interestingly,
even more dermatan sulfate is required for the quenching of Heparin Red. This, in contrast to the
results in Figure 1, indicates a significantly higher stability of the PDI-1-dermatan sulfate aggregates.

 

Figure 2. Normalized fluorescence response (F/F0) of PDI-1 and Heparin Red to dermatan sulfate.
Excitation at 570 nm, fluorescence emission recorded at 610 nm. 2.5 mL water and 0.5 mL probe solution
(6 nM in DMSO/30 mM HCl) were mixed in a polystyrene cuvette and the mixture was “titrated” with
5 μL aliquots of a 500 ng/mL dermatan sulfate solution. The indicated dermatan sulfate concentration
does not correspond to the actual concentration in the reaction mixture (3 mL) but is related to the
2.5 mL aqueous portion.

Pooled normal plasma was spiked with dermatan sulfate and the standard protocol for heparin
detection by the Heparin Red Kit was applied (Figure 3). Obviously, PDI-1 responded more strongly
than Heparin Red to the analyte, with about 50% fluorescence quenching at 10 μg/mL. At higher
dermatan sulfate levels, the response curve flattens, possibly due to the partial, tight association
of the probe with specific plasma components. Apparently, PDI-1 forms stronger complexes with
dermatan sulfate than Heparin Red in the human plasma matrix, and detects dermatan sulfate in
the clinically relevant concentration range of 1–10 μg/mL. Like Heparin Red, PDI-1 is not selective
for dermatan sulfate but also responds strongly to heparin (data not shown), and interference by
other glycosaminoglycans that have a similar or higher sulfation degree than dermatan sulfate is
expected. A potential application of this probe is the monitoring of blood levels of dermatan sulfate
after administration as an antithrombotic drug. Endogenous plasma levels of glycosaminoglycans
are too low for significant interference. Only chondroitin sulfate may reach low μg/mL levels but,
is present in an undersulfated form [19,20] that does not respond to Heparin Red in a plasma matrix.
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Figure 3. Normalized dose response (F/F0) curves of PDI-1 and Heparin Red to dermatan sulfate in
human plasma. Spiked pooled normal plasma samples. Manually performed microplate assay was
conducted, following the protocol of the supplier for the Heparin Red Kit (using 100-μM solutions
of either Heparin Red or PDI-1). Excitation at 570 nm, fluorescence emission at 605 nm. Averages of
duplicate determinations; error bars show standard deviation.

3. Materials and Methods

3.1. Chemicals and Reagents

Chemicals used for the synthesis were obtained from Sigma-Aldrich (Taufkirchen, Germany),
Merck (Darmstadt, Germany), Acros (Nidderau, Germany), Apollo Scientific (Stockport, UK) or from
the central warehouse of Heidelberg University in 95% purity or higher and were used without
further purification.

Thin layer chromatography (TLC) was performed on POLYGRAM SIL G/UV254 plates from
Macherey-Nagel (Düren, Germany) and visualized by UV light. For flash chromatography, silica gel
(40–63 μm, 60 Å pore size) from Macherey-Nagel (Düren, Germany) was used.

3.1.1. Heparin Red Kit

The Heparin Red Kit was a gift from Redprobes UG (Münster, Germany) [21]. Kit components
included: Heparin Red solution (used for measurements shown in Figure 2), Product No. HR001,
Lot 001-003, and Enhancer Solution, Product No. ES001, Lot 005. For the measurements shown in
Figures 1 and 3, a solution of Heparin Red, synthesized as described in [22], was used.

3.1.2. Dermatan Sulfate

Dermatan sulfate sodium from porcine mucosa, product number C3788 (referred to as chondroitin
sulfate B), batch SLBM9912V, was purchased from Sigma-Aldrich. According to the certificate of
analysis of the provider, the batch contained 9% water, 6.5% S and 8.6% Na. Identity was confirmed by
an 1H-NMR spectrum in D2O (see Supplementary Materials) and comparison with literature-reported
spectra [23]. The lack of signals at >5 ppm indicates the absence of heparin and heparan sulfate.
The N-Acetyl resonance and spiking experiments suggested that the sample may have contained minor
impurities of chondroitin sulfate A and/or C [24].

3.1.3. Plasma

Pooled human normal plasma, applied as a matrix for the detections shown in Figure 3, was
obtained from PrecisionBioLogic (Dartmouth, NS, Canada): Lot A1161, CRYOcheck. A 100 μg/mL
stock solution of dermatan sulfate in plasma was prepared by mixing a 1 mg/mL aqueous dermatan
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sulfate solution with plasma in a volume ratio 1:9, followed by further dilution with plasma to the
desired concentration. All samples were stored at −20 ◦C for at least one day and up to several months,
and were thawed at room temperature and vortexed before use.

3.1.4. Other

All aqueous solutions were prepared with HPLC grade water purchased from VWR (Bruchsal,
Germany), product No. 23595.328. DMSO, product number 34869, Lot # STBF6384V, and hydrochloric
acid (1.0 M), product number 35328, Lot # SZBF2050V, were purchased from Sigma-Aldrich.

3.2. Instrumentation

3.2.1. Analytics

Nuclear magnetic resonance spectra were recorded on a Bruker Avance III (600 MHz) spectrometer
(Bruker Corporation, Billercia, MA, USA). Chemical shifts δ are given in ppm and coupling constants
J in Hz. All spectra were recorded at 295 K and calibrated using the residual 1H- or 13C-signals of
the deuterated solvents [25]. The following abbreviations were used to describe the multiplicities
of the signals: s (singlet), d (doublet), m (multiplet), b (broad). Signals were assigned using COSY,
HSQC and HMBC spectra. Mass spectra were recorded on a Bruker ApexQe Hybrid 9.4 FT-ICR
(Bruker Corporation, Billercia, MA, USA). Semi-preparative and analytical HPLCs were performed on
a Shimadzu HPLC system at 20 ◦C using a SPD-10Avp detector (semi-preparative) or a SPD-M20A
Photodiode Array Detector (analytical), respectively. Water with 0.1% trifluoracetic acid and
acetonitrile were used as eluents and C18 columns were used as the stationary phase. UV/Vis
spectra were recorded on a Varian Cary 100 Bio UV/Vis and fluorescence-spectra on a Varian Cary
Eclipse spectrometer (Varian Inc., Palo Alto, CA, USA) using 4.5 mL PMMA-cuvettes purchased
from Sigma-Aldrich.

3.2.2. Fluorescence Measurements

Fluorescence in microplates was measured with the reader Biotek Synergy Mx (Biotek Instruments,
Winooski, VT, USA), with an excitation at 570 nm, emission recorded at 605 nm, spectral band width
13.5–17 nm, gain 90–110, read height of 8 mm. Fluorescence in cuvettes was measured with either
(Figure 1) Trilogy Laboratory Fluorimeter (Trilogy Modul RWT/PE, GUI Selection Green, excitation
at 550 nm, emission recorded at 610 nm) or (Figure 2) the benchtop fluorimeter FluoroLog-3 (Horiba
Scientific, Kyoto, Japan), with an excitation at 570 nm, emission recorded at 590–650 nm, integration
time 0.4 s, average of 3 scans, and spectral band width Ex/Em 7 nm.

3.2.3. Microplates, Cuvettes, Pipettes

For fluorescence measurements, 96-well microplates, polystyrene, Item No. 655076, were
purchased from Greiner Bio-One GmbH (Frickenhausen, Germany). Disposable PMMA cuvettes
were used for absorbance or fluorescence measurements in aqueous medium. Disposable polystyrene
fluorescence cuvettes were used for measurements in water/DMSO medium. Transferpette 0.5–10 μL,
Transferpette-8 20–200 μL and Transferpette-12 20–200 μL, purchased from Brand GmbH (Wertheim,
Germany). Rainin Pipettes 100–1000 μL, 20–200 μL, and 2–20 μL purchased from Mettler Toledo
(Columbus, OH, USA).

3.3. Synthesis

To improve comprehensibility, simplified names were used for some synthesized compounds
rather than using exact IUPAC names. 1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride [18],
N1,N4,N9,N13-Tetra-tert-butyloxycarbonyl-1,16-diamino-4,9,13-triazahexadecane [17] and N,N’-Bis-(1-
amino-4,9-diiazadodecyl)-1,7-di-(1-amino-3-hydroxypropyl)-perylene-3,4:9,10-tetracarboxydiimide
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(Heparin Red) [2,26] were prepared according to literature-reported methods which were slightly
modified [22].

3.3.1. Synthesis of N,N’-Bis-(N1,N4,N9,N13-tetra-tert-butyloxycarbonyl-1-amino-4,9,13- triazahexadecyl)-
1,7-dibromperylene-3,4:9,10-tetracarboxylic acid bisimide PDI-3

N1,N4,N9,N13-Tetra-tert-butyloxycarbonyl-1,16-diamino-4,9,13-triazahexadecane (600 mg, 909 μmol)
was dissolved in anhydrous toluene (20 mL) prior to the addition of 1,7-dibromoperylene-3,4:9,10-
tetracarboxylic acid dianhydride (227 mg, 413 μmol). The reaction mixture was stirred under reflux
for 18 h. Insoluble residues were removed by filtration. The filtrate was evaporated to dryness and
the crude product was purified by column chromatography (SiO2, CH2Cl2:MeOH—98:2). Compound
PDI-3 was isolated as a red powder (302 mg, 165 μmol, 40%). Rf (CH2Cl2:MeOH—95:5) 0.50; 1H-NMR
(600.13 MHz, CDCl3): δ (ppm) = 9.50 (d, 3JH-H = 8.17 Hz, 2H, perylene-H), 8.92 (s, 2H, perylene-H), 8.71
(d, 3JH-H = 8.17 Hz, 2H, perylene-H), 4.17–4.27 (m, 4H, CH2), 3.31–3.40 (m, 4H, CH2), 3.07–3.26 (m, 24H,
CH2), 1.95–2.03 (m, 4H, CH2), 1.73–1.83 (m, 4H, CH2), 1.62–1.69 (m, 4H, CH2), 1.50–1.53 (m, 8H, CH2),
1.41–1.46 (m, 72H, Boc-H); 13C{1H}-NMR (150.91 MHz, CDCl3): δ (ppm) = 138.0, 130.2, 128.6, 46.6, 44.8,
43.8, 38.6, 37.5, 28.5, 28.4, 27.6, 27.0, 25.8; MS (HR-ESI+): m/z = 1853.7890 [M + Na]+, calculated for
C90H132

79Br2N10NaO20
+: 1853.7878, m/z = 1831.8037 [M + H]+, calculated for C90H133

79Br2N10O20
+:

1831.8059.

3.3.2. Synthesis of N,N’-Bis-(1-amino-4,9,13-triazahexadecyl)-1,7-di-(1-amino-3-hydroxypropyl)-
perylene-3,4:9,10-tetracarboxydiimide PDI-1

Compound PDI-3 (20.0 mg, 19.9 μmol) was dissolved in anhydrous tetrahydrofurane (THF, 2 mL).
In another flask, 3-(N-(tert-butyloxycarbonyl)-amino)1-propanol (191 mg, 1.09 mmol) was dissolved
in anhydrous THF (2 mL) prior to the addition of lithium diisopropylamide (2.0 M solution in THF,
500 μL). This mixture was then added to the first flask and stirred for 5 h at 65 ◦C. The cooled reaction
mixture was diluted with an excess of ethyl acetate. The organic layer was washed with brine and
water, dried with anhydrous Na2SO4, and concentrated under reduced pressure. The crude product
(PDI-4) was purified by column chromatography (SiO2, CH2Cl2:MeOH—98:2) to afford a violet solid,
which was used without further purification. Rf (CH2Cl2:MeOH—95:5) 0.28; MS (HR-ESI+): m/z
= 2045.1841 [M + Na]+ calculated for C106H164N12NaO26

+: 2045.1850, m/z = 1034.0868 [M + 2Na]2+

calculated for C106H164N12Na2O26
2+: 1034.0849.

The crude product (PDI-4) was dissolved in methanol (10 mL), and concentrated HCl (1 mL)
was added to remove the Boc-protecting groups. This reaction mixture was stirred for 20 h at room
temperature. The solvent was removed under reduced pressure. Purification by semi-preparative
HPLC (Macherey-Nagel C18 (250 mm × 10 mm), H2O with 0.1% trifluoroacetic acid (TFA)/MeCN,
4 mL/min, 0–5 min—0% MeCN, 15 min—12% MeCN, 30–35 min—24% MeCN, 55 min—90% MeCN)
and subsequent lyophilization yielded the TFA salt of PDI-1 (1.53 mg, 1.50 μmol, 8%) as a violet solid.

The trifluoroacetate counterions were exchanged by dissolving the product in 0.6 M HCl followed
by precipitation from acetonitrile. After washing with acetonitrile, re-dissolution in water and
subsequent lyophilization, the target compound [PDI-1]Cl10 was ready to use. 1H-NMR (600.13 MHz,
MeOD): δ (ppm) = 9.48–9.58 (m, 2H, perylene-H), 8.63 (d, 3JH-H = 8.28 Hz, 2H, perylene-H), 8.45 (bs, 2H,
perylene-H), 4.58–4.71 (m, 4H, CH2), 4.32–4.40 (m, 4H, CH2), 3.32–3.35 (m, 4H, CH2, superimposed
by MeOD), 3.03–3.23 (m, 32H, CH2, N–H), 2.47–2.53 (m, 4H, CH2), 2.14–2.26 (m, 8H, CH2), 2.05–2.11
(m, 4H, CH2), 1.79–1.83 (m, 8H, CH2); 13C{1H}-NMR (150.90 MHz, MeOD): δ (ppm) = 130.0, 129.5, 68.8,
48.3, 47.0, 45.7, 46.0, 38.4, 38.0, 37.9, 28.2, 25.9, 25.1, 24.0, 23.9; MS (HR-ESI+): m/z = 1021.6722 [M + H]+

calculated for C56H85N12O6
+: 1021.6710 m/z = 511.3395 [M + 2H]2+, calculated for C56H86N12O6

2+:
511.3391; UV/Vis (H2O, 10 mM MOPS, pH 7): λmax (Abs) (ε [M−1 cm−1]) = 402 nm (5,900), 542 nm
(24,100), 576 nm (35,300); Fluorescence (H2O, 10 mM MOPS, pH 7): λEx = 530 nm, λAbs(Em) = 615 nm,
φF = 0.17; Analytical HPLC: (Macherey-Nagel C18 (250 mm × 4.6 mm), H2O with 0.1% TFA/MeCN,
1 mL/min, 0–5 min—0% MeCN, 15 min—12% MeCN, 30–35 min—24% MeCN, 55 min—90% MeCN)
tR = 31.6 min.
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3.4. Assays

Dermatan Sulfate Assay in Aqueous and Plasma Matrix

For titrations of probe solutions with dermatan sulfate, the solutions described in the legends of
Figures 1 and 2 of PDI-1 and Heparin Red, respectively, were prepared using 100 μM aqueous stock
solutions of the probes. Then, 6-nM probe solutions in DMSO/30 mM HCl (Figure 2) were prepared as
described in detail in [9] for Heparin Red. Dermatan sulfate in spiked plasma samples was detected
as described for heparin, following the protocol of the provider of the Heparin Red Kit for a 96-well
microplate, using either a 100-μM aqueous solution of Heparin Red or of PDI-1. In brief, the 100-μM
solution of PDI-1 or Heparin Red was freshly mixed with Enhancer solution at a volume ratio of 1:90.
Subsequently, 20 μL of the dermatan sulfate spiked plasma sample was pipetted into a microplate well,
followed by 80 μL of the probe—Enhancer mixture. For sample numbers >10, a 12-channel pipette
was used for the addition of the probe—Enhancer solution. The microplate was introduced in the
fluorescence reader and mixing was performed using the plate shaking function of the microplate
reader (setting “high,” 3 min). Immediately after mixing, fluorescence was recorded within 1 min.

4. Conclusions

This contribution describes the synthesis and properties of the new fluorescent probe PDI-1,
a polyamine-functionalized perylene diimide. PDI-1 is structurally related to the commercial probe
Heparin Red, but has in its protonated form a higher molecular charge of +10, compared to +8 for
Heparin Red. The superior performance of PDI-1 for sensing of a glycosaminoglycan with low
negative charge density is exemplified by the detection of dermatan sulfate at a low concentration or
in a competitive blood plasma matrix. A potential application of this probe is the direct monitoring
of the antithrombotic drug dermatan sulfate in plasma in the absence of administered heparin and
other glycosaminoglycans.

Supplementary Materials: Supplementary materials are available online.
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Abstract: Heparin, the widely used pharmaceutical anticoagulant, has been in clinical use for well
over half a century. Its introduction reduced clotting risks substantially and subsequent developments,
including the introduction of low-molecular-weight heparin, made possible many major surgical
interventions that today make heparin an indispensable drug. There has been a recent burgeoning
of interest in heparin and related glycosaminoglycan (GAG) polysaccharides, such as chondroitin
sulfates, heparan sulfate, and hyaluronate, as potential agents in various applications. This ability
arises mainly from the ability of GAGs to interact with, and alter the activity of, a wide range
of proteins. Here, we review new developments (since 2010) in the application of heparin and
related GAGs across diverse fields ranging from thrombosis and neurodegenerative disorders to
microbiology and biotechnology.

Keywords: heparin; glycosaminoglycans; chondroitin sulfate

1. Introduction

Heparin, a member of the glycosaminoglycan (GAG) family of sulfated polysaccharides, is one
of the most widely used pharmaceuticals, whose major role is in the inhibition of clot formation
and thrombi, especially during surgery or following trauma. Beyond referring to some important
historical literature, this review will attempt to survey recent (by which we mean from ca. 2010 to 2017)
applications for this important and widely used drug, and will include other GAG members, which
are being explored increasingly for other potential uses.

Heparin has been an established anticoagulant drug for more than 60 years for the prevention
and control of thrombotic events owing to its interaction with a number of proteins of the blood
clotting cascade, notably antithrombin and thrombin [1]. It consists of a linear, highly sulfated
polysaccharide chain of various lengths varying from 2000 to 40,000 Da [2–4], composed of repeating
disaccharide units of 1,4 linked α-L-iduronic or β-D-glucuronic acid (D-GlcA), and α-D-glucosamine
(D-GlcN). The predominant substitution pattern comprises 2-O-sulfation of the iduronate residues and
N- and 6-O-sulfation of the glucosamine residues [5]. Heparin is also closely related structurally to
heparan sulfate (HS), which is present on cell surfaces and in the extracellular matrix. HS is generally
less sulfated than heparin and is often considered to have a defined domain structure [6–8] and
a lower proportion of L-iduronate residues. There are also D-GlcA and N-acetylated glucosamine
(D-GlcNAc) residues, as well as variations in sulfation, including a small proportion of 3-O-sulfates
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on glucosamine residues. Hyaluronic acid (HA) is the only member of the GAG family that is
not sulfated, being a homo-polymer consisting of beta (1→4) linked disaccharides of D-GlcA β

(1→3) D-GlcNAc. Chondroitin sulfate (CS) encompasses various structures, based on repeating β

(1-4) linked disaccharides of GlcA β (1→3) GalNAc containing 6-(Chondroitin sulfate-C: CS-C) and
4-sulfates (CS-A), sulfation at position-2 of the GlcA residues (GlcA2S β (1→3) GalNAc6S) (CS-D), and
4,6-di-sulfated GalNAc (GlcA β (1→3) GalNAc4, 6diS (in CS-E). The polysaccharide, dermatan sulfate
(DS), which was formerly known as CS-B, contains repeating →4) L-IdoA β (1→3) D-GalNAc β (1→
units with 4-O-sulfation on the GalNAc moiety. GAG-like structures from non-mammalian sources,
often marine, have become the focus of attention recently, and these, while possessing similar backbone
structures, often include branches of fucose units [9], which can include non-reducing terminal fucose
with sulfation at positions-2 and -3 [10].

The discovery and development of heparin as an anticoagulant agent had a tremendous impact on
health because major surgical procedures became possible, especially those in which cardiopulmonary
bypass (CPB), which was first demonstrated in animals in 1939 [11], were necessary. Another important
medical procedure that is only possible due to the anticoagulant properties of heparin is dialysis.
Indeed, unfractionated (full-length) heparin (UFH) named heparin sodium, its antidote, protamine
sulfate [12], as well as a form of low-molecular-weight heparin (LMWH) [13] all appear in the World
Health Organization’s (WHO) List of Essential Medicines. The pharmacological activity of heparin
results mainly from its ability to bind and accelerate the AT activity, thereby considerably enhancing
the inhibition of coagulation factors Xa and IIa, although it interacts in concert with AT and other
members of the blood clotting cascade as well, including factor IXa, XIa, and XIIa [14]. In a biological
rather than a clinical context though, heparin action is more closely linked to defense against exogenous
pathogens [15] and responses following tissue damage. Heparin alters cytokine levels [16], and one of
its biological roles may be to dampen the effects of the sudden release of large numbers of cytokines
following infection or sudden trauma.

In recent times, the majority of pharmaceutical heparin has been sourced from the intestine of
pigs, and detailed studies of the sequence of heparin have involved laborious separation techniques.
Recent advances in the biosynthesis of heparin-related structures employing recombinant enzymes
and synthetic uridine-diphosphate-monosaccharide donors have been developed by Liu and Linhardt,
allowing not only for the production of heparin sequences but also for the systematic and controlled
preparation of heparin (and HS) analogues, which will be suitable for a wide-range of experimental
purposes and applications [17].

2. Applications in Anticoagulation and Cancer Treatments

In current clinical use, one of the most important forms of heparin is low-molecular-weight heparin
(LMWH) which consists of a complex mixture of fragments ranging from tetra to hexadecasaccharides
and somewhat higher oligosaccharides [18–20] obtained by various chemical and enzymatic
depolymerization processes. The main advantages of LMWHs over UFH are improved bioavailability
and higher anti-factor Xa/anti-factor IIa activity ratios, with decreased hemorrhagic risk during
prolonged treatments [21]. While UFH can be monitored effectively and reversed in patients
undergoing surgery with extracorporeal circulation, LMWHs cannot, because neutralization with
protamine sulfate is ineffective. The development of new anticoagulant agents with the beneficial
properties of both UFH and LMWH is therefore still pursued and is an important area in which
biosynthetic structures are being applied [22,23].

Aside from the well-known anticoagulant activities of heparin and related GAGs or GAG mixtures,
such as sulodexide (a mixture of LMWH and DS in the ratio 80:20), heparin is also active in a wide
range of activities in which the naturally occurring cell surface polysaccharide, heparan sulfate (HS),
is a participant. Many of the proteins with which heparin interacts originate in the extracellular
matrix, the best studied of which belong to the fibroblast growth factor (FGF) family. The potential
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use of heparin to interfere with aberrant cell–cell signaling by this route has been investigated and the
relationship between sequence and activity sought [24–27].

The importance of the FGF signaling system to development and regulation, and hence when its
function is impaired or altered, also to disease is one obvious area in which heparins, acting in this
case as analogues for HS, can be applied. One area in which modulating FGF signaling would be
desirable is cancer treatment. However, it is noteworthy that cancer-related thrombotic disorders are
also well known and were first described as long ago as 1865, when the clinical association between
thrombosis and an initially undiagnosed cancer was noted. Unfractionated heparin and LMWHs
have been used successfully for the prophylaxis and treatment of cancer-related hemostatic disorders;
however, since cancer patients have an increased risk of bleeding [28], LMWHs have gained significant
ground since they produce a more predictable anticoagulant response, display improved subcutaneous
bioavailability, and exhibit an extended half-life. Furthermore, heparin-induced thrombocytopenia
(HIT) incidence is lower when LMWHs and the synthetic pentasaccharide, Fondaparinux, are used.
Novel oral anticoagulants are under development, but their efficacy and safety in cancer-patients has
yet to be proved. Despite being well recognized now, the pathogenesis is complex and results from
the combination of several factors, but the expression of tumor cell-associated clotting factors is a
shared characteristic. The prevention and treatment of these conditions extends beyond the ease of
symptoms, it has a direct impact in cancer patient survival [29], and there are some known beneficial
effects of heparin, but elucidating these is hampered by the complexity of the systems involved.
The widespread use of heparin as a treatment is hindered by unwanted anticoagulant side-effects [30]
(see also review by Afratis et al. [31]); however, the possibility of correcting signaling defects caused by
altered HS structure (e.g., by sulf enzyme activity) in cancer [32,33] or the direct inhibition of the sulf
enzymes with heparin or heparin analogues is an area of potential interest. Of direct relevance to the
progression of the disease is the inhibition of a mammalian heparanase enzyme [34], while other routes
are thought to influence metastasis, acting via P- and L-selections [35–37], inhibiting galectins [38],
inhibiting tumorogenesis and angiogenesis through cellular receptors such as CD44 and growth factor
receptors [39], or, in the case of the use of heparin as a means of ameliorating resistance to cisplatin
treatment, acting through as-yet unidentified mechanisms [40], all of which are affected by heparin
or heparin analogues. Among other GAGs, an example of the treatment of cancer is the use of the
non-sulfated GAG, hyaluronate (HA) in pancreatic ductal adenocarcinoma [41].

3. Recovery from Nervous System Damage

Recent work shows that, while CS inhibits the regeneration of neurites in the CNS, CS-bound
HB-GAM (pleiotrophin) activates them, inducing dendrite regeneration in adult cerebral cortex and
axonal regeneration in adult spinal cord [42]. Chondroitin sulfate forms a barrier following nerve
injury [43], but can be digested by enzymes to improve repair [44–47]. Chondroitin sulfate-E (CS-E),
containing unusual 4,6 di-sulfated GalNAc residues and 4-sulfated CS in aggrecan, have been shown
to be inhibitory to neurite outgrowth [48], and CS-E mediates estrogen-induced osteoanabolism [49],
suggesting several potential future applications for CS and its derivatives.

4. Respiratory Diseases

GAGs and heparin in particular have been suggested as playing a protective roles in the
inflammation response [50], which has been interpreted as involving (among other things) the
inhibition of elastase and the interaction with several cytokines [51]. Heparin and its analogues
have been proposed for the application to elastase inhibition for cystic fibrosis treatment (or other
conditions, such as acute respiratory distress syndrome (ARDS). Although they do not originate from
a conventional mammalian GAG, oligosaccharide fragments of the fucosylated GAG structures from
the sea cucumber (Holothuria forskali) [9] were shown to lower neutrophil infiltration by reducing
selectin interactions.
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5. Neurodegenerative Diseases

There is an emerging role in Parkinson's Disease for heparin acting via cathepsin-d activity
affecting α-synuclein accumulation [52], while, in Alzheimer’s Disease, the inhibition of BACE-1,
the key protease responsible for the generation of toxic Aβ fragments (1–42) is inhibited by
heparin and its derivatives [53,54], some of which have been engineered to possess very low
anticoagulant activity [55,56]. Furthermore, it is known that heparin modulates fibril formation [57],
and understanding the mechanisms underlying such events may open new routes for the prevention,
for instance, of toxic fibril formation and deposition.

6. Roles as Antimicrobial Agents

6.1. Viruses

GAGs might be expected, on the basis of their universal presence on cell surfaces, to serve as
a broad spectrum and relatively non-specific receptors for virus binding [58]; [see also an earlier
review: [59]]. Such interactions are not unexpected, since virus envelope proteins present patches
of positively charged amino acids. While GAGs have been shown to attach to filoviruses [60] and
CS-E, but not CS-D, and inhibit dengue virus infection [61], it is clear that GAGs are indeed of
relevance to the mechanisms of viral attachment and invasion. The ability of viruses to bind cell
surface HSs and, by extension, bind heparin under experimental conditions has long been known in
the case of herpes simplex (HSV) and dengue (DENV) viruses. Heparin as a potential inhibitor of
viral attachment follows naturally from these observations and has been demonstrated for DENV [62].
What is less clear is whether and how this knowledge can be exploited to enable GAGs to be applied
as inhibitors of attachment, a process that may be able to be exploited for the well-known property
of multivalency to increase the avidity of the binding of the viral particles to the GAG, perhaps
immobilized in some device, or attached to multidentate ligands in a nanotechnology format (see also
a review of this field: [63]). The potential importance of such applications is difficult to over-emphasize,
however. Recently, viral attachment to GAGs was reported for IFNα/βBP from variola (smallpox
virus), monkeypox viruses [64], and GAGs have been shown to prevent measles virus infection in cell
lines via hemagglutinin protein [65]. Other viruses, including hepatitis B, have been found to bind to
heparin [66] as has Japanese encephalitis virus (JEV) [67]. Thus, the interest in GAG-based intervention
seems set to increase.

Heparin and derivatives have been shown to be effective in preventing the infection of cells by the
influenza virus, strain H5N1 [68], and to have effects on ZIKV-induced cell death that are independent
of adhesion and invasion [69]. In this case, heparin has only a modest ability to protect infection by
analogy with dengue virus, which is also of the flavivirus family, and which interacts with heparin
through the envelope glycoproteins [70]. Rather, heparin may be acting to protect infected cells from
cytotoxic effects and cell death via the activation of cell survival signaling pathways. The ability
of heparin to protect cells from programmed cell death had already been observed in human cells
(non-infected) [71], and this may form an interesting new avenue for the application of GAG derivatives
in itself.

6.2. Parasites

The involvement of GAGs in a parasitic disease has been studied relatively little. However, the
potential for the application of GAGs remains high in cases where GAGs form a major part of the means
of attachment and invasion, especially where there is the possibility of topical application. The ability
of heparin and derivatives to inhibit rosetting of parasite infected erythrocytes has been noted [72]
and, recently, effective inhibitors (comprising fucosylated CS (FucCS)) of cytoadherence (the process
of adhesion of infected red blood cells to vascular epithelia) derived from sea cucumber have been
reported [73]. Heparin is known to alter the activity of a cysteine protease in the parasite, L. mexicana,
that causes Leishmaniasis [74] and interacts with a metalloprotease from L.(v). braziliensis [75]. Heparin
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has also been shown to accelerate protein degradation by human neutrophil elastase [76]. Several
heparin-binding proteins have also been identified in T. cruzi, where some of them are implicated in
parasite adhesion to midgut epithelial cells [77].

6.3. Bacteria

Binding of GAGs facilitates Streptococcal entry into the CNS of Drosophila [78] and determines
disease progression [79]. In relation to the phenomenon of shock, GAGs seem to be elevated overall,
perhaps originating from damaged tissue, but they also seem to neutralize antimicrobial peptides [80].
Glycosaminoglycans were studied en masse, however, without paying attention to the individual
types involved. Heparin use in sepsis patients, where crosstalk between thrombosis and inflammation
plays a critical role, has also been recognized. The use of heparin prevents the development of
microthromboembolic disease during sepsis, impairing tissue hypoxygenation and further organ
damage and dysfunction [81]. There is also literature pointing to the use of heparin-coated stents for
the prevention of bacterial biofilm formation and subsequent microbe attachment [82].

7. Panceatitis

Acute pancreatitis has been reported independently by several groups to benefit from treatment
with heparin [83] in rats and in patients [84–86]. Furthermore, LMW heparin has also been shown to
be effective [87].

8. Roles in Rheumatoid Arthritis (RA)

Naturally occurring autoantibodies to GAGs are markers in rheumatoid arthritis [88]. The level
of IgM type Ab for CS-C in serum correlates with RA, although GAG concentration alone is not a good
indicator in knee injury [89] in agreement with earlier findings in horses [90].

9. Inflammation Reduction

Many of the applications of heparin mentioned in this review may stem, at least in part, from the
ability of heparin to moderate inflammation. This topic has itself been reviewed in 2013 [91] and, in
general, heparin is perceived as acting via several routes, which include interaction with cytokines and
as an inhibitor of heparanase, to achieve reduced leukocyte recruitment.

Applications in which these properties may be important include the treatment of burns [92]
and the proposed use of heparin in asthma treatment [93]. The potential, based on a projection of the
ability of heparin to inhibit bacterial infection and reduce inflammation, to improve the symptoms of
cystic fibrosis has also been investigated [94] but no marked improvement at low doses (50,000 IU) has
been shown.

While cystic fibrosis applications acting to reduce inflammation assist sputum clearance, inhibit
elastase, or act as an inhibitor of microbial attachment or growth have not been convincing, heparin
derivatives were shown to be capable of acting at several points in the inflammatory process [51].

10. Alternative Sources of GAG-Like Structures with Potentially Useful Activities

This review attempts to cover not only new applications for heparin but also potential new
sources of active agents among the GAGs for both old and new applications. Although not all of
these structures correspond to GAGs according to the classical definitions of mammalian GAGs
provided above, GAG-like structures are found in a wide range of organisms, including Cnidaria,
Arthropoda, Mollusca, Echinodermata, and Chordata [95]. A host of polysaccharides, either GAGs in
the conventional sense or polysaccharides with structural features closely resembling GAGs, usually
bearing additional ramifications have been identified and linked to a variety of biological activities.
These include Sea cucumber (S. hermanni) as an antiinflammatory [95], marine GAG analogues [96], fish
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cartilage as an antitumor and anti-pathognic agent [97], GAGs from starfish with antithrombotic and
anti-inflammatory activities [95], and mussels (Perna canaliculis) as an anti-inflammatory agent [98].

11. Biotechnological and Other Applications

An emerging use of GAGs is in biotechnological applications, particularly in the field of embryonic
stem cells, for the regulation of differentiation [reviewed in [99]] and neural speciation in mouse
embryonic stem cells [100]. The successful fractionation of a cell population by HS epitopes has also
been reported [101]. The prospect of incorporating GAGs into electrospun meshes for the purpose
of supporting stem cell applications has also been undertaken [102]. A possible role is emerging in
muscular dystrophy, following signs of involvement of HS sulfation in the disease process and ageing,
acting via FGF-2 [103].

12. Concluding Remarks

Many a student textbook of biochemistry once dismissed the role of GAGs as merely structural;
decades of intensive research led to a burgeoning of the biological roles ascribed to them and potential
practical applications. The precise nature of the relationship between their structure and function
remains a matter of debate, a fact that stems not only from their structural complexity, but also the
difficulty of analysis, which may also indicate that new approaches are required. These approaches
may need to be sensitive to as yet undefined properties, and one such property is their large-scale
vibrational modes [104]. Nevertheless, even without this detailed information, it is clear that the
number of roles of these versatile materials seem to set to increase in the future.
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Four heparin preparations: Anti-Xa potentiating effect of heparin after subcutaneous injection.
Thromb. Haemost. 1976, 35, 586–591. [PubMed]

14. Beeler, D.L.; Marcum, J.A.; Schiffman, S.; Rosenberg, R.D. Interaction of factor XIa and antithrombin in the
presence and absence of heparin. Blood 1986, 67, 1488–1492. [PubMed]

15. Straus, A.H.; Sant’anna, O.A.; Nader, H.B.; Dietrich, C.P. An inverse relationship between heparin content
and antibody response in genetically selected mice. Sex effect and evidence of a polygenic control for skin
heparin concentration. Biochem. J. 1984, 220, 625–630. [CrossRef] [PubMed]

16. Call, D.R.; Remick, D.G. Low molecular weight heparin is associated with greater cytokine production in a
stimulated whole blood model. Shock 1998, 10, 192–197. [CrossRef] [PubMed]

17. Liu, J.; Linhardt, R.J. Chemoenzymatic synthesis of heparan sulfate and heparin. Nat. Prod. Rep. 2014, 31,
1676–1685. [CrossRef] [PubMed]

18. Viskov, C.; Just, M.; Laux, V.; Mourier, P.; Lorenz, M. Description of the chemical and pharmacological
characteristics of a new hemisynthetic ultra-low-molecular-weight heparin, AVE5026. J. Thromb. Haemost.
2009, 7, 1143–1151. [CrossRef] [PubMed]

19. Bisio, A.; Vecchietti, D.; Citterio, L.; Guerrini, M.; Raman, R.; Bertini, S.; Eisele, G.; Naggi, A.; Sasisekharan, R.;
Torri, G. Structural features of low-molecular-weight heparins affecting their affinity to antithrombin.
Thromb. Haemost. 2009, 102, 865–873. [CrossRef] [PubMed]

20. Zhang, Z.; Weïwer, M.; Li, B.; Kemp, M.M.; Daman, T.H.; Linhardt, R.J. Oversulfated chondroitin sulfate:
Impact of a heparin impurity, associated with adverse clinical events, on low-molecular-weight heparin
preparation. J. Med. Chem. 2008, 51, 5498–5501. [CrossRef] [PubMed]

21. Hoppensteadt, D.; Iqbal, O.; Fareed, J. Chapter 21—Basic and clinical differences of heparin and low
molecular weight heparin treatment. Chem. Biol. Heparin Heparan Sulfate 2005, 1, 583–606.

22. Xu, Y.; Wang, Z.; Liu, R.; Bridges, A.S.; Huang, X.; Liu, J. Directing the biological activities of heparan sulfate
oligosaccharides using a chemoenzymatic approach. Glycobiology 2012, 22, 96–106. [CrossRef] [PubMed]

23. Xu, Y.; Pempe, E.H.; Liu, J. Chemoenzymatic synthesis of heparin oligosaccharides with both anti-factor Xa
and anti-factor IIa activities. J. Biol. Chem. 2012, 287, 29054–29061. [CrossRef] [PubMed]

24. Xu, R.; Ori, A.; Rudd, T.R.; Uniewicz, K.A.; Ahmed, Y.A.; Guimond, S.E.; Skidmore, M.A.; Siligardi, G.;
Yates, E.A.; Fernig, D.G. Diversification of the structural determinants of fibroblast growth factor-heparin
interactions: Implications for binding specificity. J. Biol. Chem. 2012, 287, 40061–40073. [CrossRef] [PubMed]

25. Li, Y.; Sun, C.; Yates, E.A.; Jiang, C.; Wilkinson, M.C.; Fernig, D.G. Heparin binding preference and structures
in the fibroblast growth factor family parallel their evolutionary diversification. Open Biol. 2016, 6, 150275.
[CrossRef] [PubMed]

26. Schultz, V.; Suflita, M.; Liu, X.; Zhang, X.; Yu, Y.; Li, L.; Green, D.E.; Xu, Y.; Zhang, F.; DeAngelis, P.L.; et al.
Heparan sulfate domains required for fibroblast growth factor 1 and 2 signaling through fibroblast growth
factor receptor 1c. J. Biol. Chem. 2017, 292, 2495–2509. [CrossRef] [PubMed]

27. Theodoraki, A.; Hu, Y.; Poopalasundaram, S.; Oosterhof, A.; Guimond, S.E.; Disterer, P.; Khoo, B.;
Hauge-Evans, A.C.; Jones, P.M.; Turnbull, J.E.; et al. Distinct patterns of heparan sulphate in pancreatic
islets suggest novel roles in paracrine islet regulation. Mol. Cell. Endocrinol. 2015, 399, 296–310. [CrossRef]
[PubMed]

28. Rickles, F.R.; Falanga, A. Molecular basis for the relationship between thrombosis and cancer. Thromb. Res.
2001, 102, V215–V224. [CrossRef]

29. Nishioka, J.; Goodin, S. Low-molecular-weight heparin in cancer-associated thrombosis: Treatment,
secondary prevention, and survival. J. Oncol. Pharm. Pract. 2007, 13, 85–97. [CrossRef] [PubMed]

30. Solari, V.; Jesudason, E.C.; Turnbull, J.E.; Yates, E.A. Determining the anti-coagulant-independent anti-cancer
effects of heparin. Br. J. Cancer 2010, 103, 593–594. [CrossRef] [PubMed]

31. Afratis, N.; Gialeli, C.; Nikitovic, D.; Tsegenidis, T.; Karousou, E.; Theocharis, A.D.; Pavão, M.S.;
Tzanakakis, G.N.; Karamanos, N.K. Glycosaminoglycans: Key players in cancer cell biology and treatment.
FEBS J. 2012, 279, 1177–1197. [CrossRef] [PubMed]

32. Solari, V.; Borriello, L.; Turcatel, G.; Shimada, H.; Sposto, R.; Fernandez, G.E.; Asgharzadeh, S.; Yates, E.A.;
Turnbull, J.E.; DeClerck, Y.A. MYCN-dependent expression of sulfatase-2 regulates neuroblastoma cell
survival. Cancer Res. 2014, 74, 5999–6009. [CrossRef] [PubMed]

201



Molecules 2017, 22, 749

33. Vicente, C.M.; Lima, M.A.; Yates, E.A.; Nader, H.B.; Toma, L. Enhanced tumorigenic potential of colorectal
cancer cells by extracellular sulfatases. Mol. Cancer Res. 2015, 13, 510–523. [CrossRef] [PubMed]

34. Vlodavsky, I.; Elkin, M.; Ilan, N. Impact of heparanase and the tumor microenvironment on cancer metastasis
and angiogenesis: Basic aspects and clinical applications. Rambam Maimonides Med. J. 2011, 2, 1–17.
[CrossRef] [PubMed]

35. Laubli, H.; Varki, A.; Borsig, L. Antimetastatic properties of low molecular weight heparin. J. Clin. Oncol.
2016, 34, 2560–2561. [CrossRef] [PubMed]

36. Borsig, L.; Wong, R.; Feramisco, J.; Nadeau, D.R.; Varki, N.M.; Varki, A. Heparin and cancer revisited:
Mechanistic connections involving platelets, P-selectin, carcinoma mucins, and tumor metastasis. Proc. Natl.
Acad. Sci. USA 2001, 98, 3352–3357. [CrossRef] [PubMed]

37. Läubli, H.; Stevenson, J.L.; Varki, A.; Varki, N.M.; Borsig, L. L-selectin facilitation of metastasis involves
temporal induction of Fut7-dependent ligands at sites of tumor cell arrest. Cancer Res. 2006, 66, 1536–1542.
[CrossRef] [PubMed]

38. Duckworth, C.A.; Guimond, S.E.; Sindrewicz, P.; Hughes, A.J.; French, N.S.; Lian, L.-Y.; Yates, E.A.;
Pritchard, D.M.; Rhodes, J.M.; Turnbull, J.E.; et al. Chemically modified, non-anticoagulant heparin
derivatives are potent galectin-3 binding inhibitors and inhibit circulating galectin-3-promoted metastasis.
Oncotarget 2015, 6, 23671–23687. [CrossRef] [PubMed]

39. Karousou, E.; Misra, S.; Ghatak, S.; Dobra, K.; Götte, M.; Vigetti, D.; Passi, A.; Karamanos, N.K.; Skandalis, S.S.
Roles and targeting of the HAS/hyaluronan/CD44 molecular system in cancer. Matrix Biol. 2016, 59, 1–20.
[CrossRef] [PubMed]

40. Pfankuchen, D.B.; Stölting, D.P.; Schlesinger, M.; Royer, H.-D.; Bendas, G.; Bastian, D.; Philipp, D.;
Schlesinger, M.; Royer, H.-D.; Bendas, G. Low molecular weight heparin tinzaparin antagonizes cisplatin
resistance of ovarian cancer cells. Biochem. Pharmacol. 2015, 97, 147–157. [CrossRef] [PubMed]

41. Sato, N.; Cheng, X.-B.; Kohi, S.; Koga, A.; Hirata, K. Targeting hyaluronan for the treatment of pancreatic
ductal adenocarcinoma. Acta Pharm. Sin. B 2016, 6, 101–105. [CrossRef] [PubMed]

42. Paveliev, M.; Fenrich, K.K.; Kislin, M.; Kuja-Panula, J.; Kulesskiy, E.; Varjosalo, M.; Kajander, T.;
Mugantseva, E.; Ahonen-Bishopp, A.; Khiroug, L.; et al. HB-GAM (pleiotrophin) reverses inhibition
of neural regeneration by the CNS extracellular matrix. Nat. Publ. Gr. 2016, 6, 33916. [CrossRef] [PubMed]

43. Siebert, J.R.; Conta Steencken, A.; Osterhout, D.J. Chondroitin Sulfate Proteoglycans in the Nervous System:
Inhibitors to Repair. Biomed Res. Int. 2014, 2014, 845323. [CrossRef] [PubMed]

44. Kwok, J.C.F.; Yang, S.; Fawcett, J.W. Neural ECM in regeneration and rehabilitation. Prog. Brain Res. 2014,
214, 179–192.

45. Dick, G.; Liktan, C.; Alves, J.N.; Ehlert, E.M.E.; Miller, G.M.; Hsieh-Wilson, L.C.; Sugahara, K.; Oosterhof, A.;
Van Kuppevelt, T.H.; Verhaagen, J.; et al. Semaphorin 3A binds to the perineuronal nets via chondroitin
sulfate type E motifs in rodent brains. J. Biol. Chem. 2013, 288, 27384–27395. [CrossRef] [PubMed]

46. Orlando, C.; Ster, J.; Gerber, U.; Fawcett, J.W.; Raineteau, O. Perisynaptic chondroitin sulfate proteoglycans
restrict structural plasticity in an integrin-dependent manner. J. Neurosci. 2012, 32, 18009–18017. [CrossRef]
[PubMed]

47. Wang, D.; Ichiyama, R.M.; Zhao, R.; Andrews, M.R.; Fawcett, J.W. Chondroitinase Combined with
Rehabilitation Promotes Recovery of Forelimb Function in Rats with Chronic Spinal Cord Injury. J. Neurosci.
2011, 31, 9332–9344. [CrossRef] [PubMed]

48. Gilbert, R.J.; McKeon, R.J.; Darr, A.; Calabro, A.; Hascall, V.C.; Bellamkonda, R. V CS-4,6 is differentially
upregulated in glial scar and is a potent inhibitor of neurite extension. Mol. Cell. Neurosci. 2005, 29, 545–558.
[CrossRef] [PubMed]

49. Koike, T.; Mikami, T.; Shida, M.; Habuchi, O.; Kitagawa, H. Chondroitin sulfate-E mediates estrogen-induced
osteoanabolism. Sci. Rep. 2015, 5, 8994. [CrossRef] [PubMed]

50. Li, L.; Ling, Y.; Huang, M.; Yin, T.; Gou, S.M.; Zhan, N.Y.; Xiong, J.X.; Wu, H.S.; Yang, Z.Y.; Wang, C.Y.
Heparin inhibits the inflammatory response induced by LPS and HMGB1 by blocking the binding of HMGB1
to the surface of macrophages. Cytokine 2015, 72, 36–42. [CrossRef] [PubMed]

51. Veraldi, N.; Hughes, A.J.; Rudd, T.R.; Thomas, H.B.; Edwards, S.W.; Hadfield, L.; Skidmore, M.A.;
Siligardi, G.; Cosentino, C.; Shute, J.K.; et al. Heparin derivatives for the targeting of multiple activities in
the inflammatory response. Carbohydr. Polym. 2015, 117, 400–407. [CrossRef] [PubMed]

202



Molecules 2017, 22, 749

52. Lehri-Boufala, S.; Ouidja, M.O.; Barbier-Chassefière, V.; Hénault, E.; Raisman-Vozari, R.; Garrigue-Antar, L.;
Papy-Garcia, D.; Morin, C. New roles of glycosaminoglycans in α-synuclein aggregation in a cellular model
of Parkinson disease. PLoS ONE 2015, 10, e0116641. [CrossRef] [PubMed]

53. Scholefield, Z.; Yates, E.A.; Wayne, G.; Amour, A.; McDowell, W.; Turnbull, J.E. Heparan sulfate regulates
amyloid precursor protein processing by BACE1, the Alzheimer’s β-secretase. J. Cell Biol. 2003, 163, 97–107.
[CrossRef] [PubMed]

54. Zhang, X.; Zhao, X.; Lang, Y.; Li, Q.; Liu, X.; Cai, C.; Hao, J.; Li, G.; Yu, G. Low anticoagulant heparin
oligosaccharides as inhibitors of BACE-1, the Alzheimer’s β-secretase. Carbohydr. Polym. 2016, 151, 51–59.
[CrossRef] [PubMed]

55. Patey, S.J.; Edwards, E.A.; Yates, E.A.; Turnbull, J.E. Heparin derivatives as inhibitors of BACE-1, the
Alzheimer’s β-secretase, with reduced activity against factor Xa and other proteases. J. Med. Chem. 2006, 49,
6129–6132. [CrossRef] [PubMed]

56. Ma, Q.; Cornelli, U.; Hanin, I.; Jeske, W.P.; Linhardt, R.J.; Walenga, J.M.; Fareed, J.; Lee, J.M. Heparin
Oligosaccharides as Potential Therapeutic Agents in Senile Dementia. Curr Pharm Des. 2007, 13, 1607–1616.
[CrossRef] [PubMed]

57. Stewart, K.L.; Hughes, E.; Yates, E.A.; Akien, G.R.; Huang, T.Y.; Lima, M.A.; Rudd, T.R.; Guerrini, M.;
Hung, S.C.; Radford, S.E.; Middleton, D.A. Atomic Details of the Interactions of Glycosaminoglycans with
Amyloid-β Fibrils. J. Am. Chem. Soc. 2016, 138, 8328–8331. [CrossRef] [PubMed]

58. Vigant, F.; Santos, N.C.; Lee, B. Broad-spectrum antivirals against viral fusion. Nat. Rev. Microbiol. 2015, 13,
426–437. [CrossRef] [PubMed]

59. Nonanticoagulant Actions of Glycosaminoglycans; Harenberg, J.; Casu, B., Eds.; Springer US: Boston, MA,
USA, 2012.

60. Salvador, B.; Sexton, N.R.; Carrion, R.; Nunneley, J.; Patterson, J.L.; Steffen, I.; Lu, K.; Muench, M.O.;
Lembo, D.; Simmons, G. Filoviruses utilize glycosaminoglycans for their attachment to target cells. J. Virol.
2013, 87, 3295–3304. [CrossRef] [PubMed]

61. Kato, D.; Era, S.; Watanabe, I.; Arihara, M.; Sugiura, N.; Kimata, K.; Suzuki, Y.; Morita, K.; Hidari, K.I.P.J.;
Suzuki, T. Antiviral activity of chondroitin sulphate E targeting dengue virus envelope protein. Antiviral Res.
2010, 88, 236–243. [CrossRef] [PubMed]

62. Lin, Y.-L.; Lei, H.-Y.; Lin, Y.-S.; Yeh, T.-M.; Chen, S.-H.; Liu, H.-S. Heparin inhibits dengue-2 virus infection of
five human liver cell lines. Antiviral Res. 2002, 56, 93–96. [CrossRef]

63. Sapsford, K.E.; Algar, W.R.; Berti, L.; Gemmill, K.B.; Casey, B.J.; Oh, E.; Stewart, M.H.; Medintz, I.L.
Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate
nanotechnology. Chem. Rev. 2013, 113, 1904–2074. [CrossRef] [PubMed]

64. Montanuy, I.; Alejo, A.; Alcami, A. Glycosaminoglycans mediate retention of the poxvirus type I interferon
binding protein at the cell surface to locally block interferon antiviral responses. FASEB J. 2011, 25, 1960–1971.
[CrossRef] [PubMed]

65. Terao-Muto, Y.; Yoneda, M.; Seki, T.; Watanabe, A.; Tsukiyama-Kohara, K.; Fujita, K.; Kai, C. Heparin-like
glycosaminoglycans prevent the infection of measles virus in SLAM-negative cell lines. Antiviral Res. 2008,
80, 370–376. [CrossRef] [PubMed]

66. Schulze, A.; Gripon, P.; Urban, S. Hepatitis B virus infection initiates with a large surface protein-dependent
binding to heparan sulfate proteoglycans. Hepatology 2007, 46, 1759–1768. [CrossRef] [PubMed]

67. Su, C.M.; Liao, C.L.; Lee, Y.L.; Lin, Y.L. Highly sulfated forms of heparin sulfate are involved in japanese
encephalitis virus infection. Virology 2001, 286, 206–215. [CrossRef] [PubMed]

68. Skidmore, M.A.; Kajaste-Rudnitski, A.; Wells, N.M.; Guimond, S.E.; Rudd, T.R.; Yates, E.A.; Vicenzi, E.
Inhibition of influenza H5N1 invasion by modified heparin derivatives. Med. Chem. Commun. 2015, 6,
640–646. [CrossRef]

69. Ghezzi, S.; Cooper, L.; Rubio, A.; Pagani, I.; Capobianchi, M.R.; Ippolito, G.; Pelletier, J.; Meneghetti, M.C.Z.;
Lima, M.A.; Skidmore, M.A.; et al. Heparin prevents Zika virus induced-cytopathic effects in human neural
progenitor cells. Antiviral Res. 2017, 140, 13–17. [CrossRef] [PubMed]

70. Kim, S.Y.; Zhao, J.; Liu, X.; Fraser, K.; Lin, L.; Zhang, X.; Zhang, F.; Dordick, J.S.; Linhardt, R.J. Interaction
of Zika Virus Envelope Protein with Glycosaminoglycans. Biochemistry 2017, 56, 1151–1162. [CrossRef]
[PubMed]

203



Molecules 2017, 22, 749

71. Hills, F.A.; Abrahams, V.M.; González-Timón, B.; Francis, J.; Cloke, B.; Hinkson, L.; Rai, R.; Mor, G.; Regan, L.;
Sullivan, M.; et al. Heparin prevents programmed cell death in human trophoblast. Mol. Hum. Reprod. 2006,
12, 237–243. [CrossRef] [PubMed]

72. Skidmore, M.A.; Dumax-Vorzet, A.F.; Guimond, S.E.; Rudd, T.R.; Edwards, E.A.; Turnbull, J.E.; Craig, A.G.;
Yates, E.A. Disruption of rosetting in Plasmodium falciparum malaria with chemically modified heparin and
low molecular weight derivatives possessing reduced anticoagulant and other serine protease inhibition
activities. J. Med. Chem. 2008, 51, 1453–1458. [CrossRef] [PubMed]

73. Bastos, M.F.; Albrecht, L.; Kozlowski, E.O.; Lopes, S.C.P.; Blanco, Y.C.; Carlos, B.C.; Castiñeiras, C.;
Vicente, C.P.; Werneck, C.C.; Wunderlich, G.; et al. Fucosylated chondroitin sulfate inhibits Plasmodium
falciparum cytoadhesion and merozoite invasion. Antimicrob. Agents Chemother. 2014, 58, 1862–1871.
[CrossRef] [PubMed]

74. Judice, W.A.S.; Manfredi, M.A.; Souza, G.P.; Sansevero, T.M.; Almeida, P.C.; Shida, C.S.; Gesteira, T.F.;
Juliano, L.; Westrop, G.D.; Sanderson, S.J.; et al. Heparin modulates the endopeptidase activity of Leishmania
mexicana cysteine protease cathepsin L-like rCPB2.8. PLoS ONE 2013, 8, 602–614. [CrossRef] [PubMed]

75. De Castro Côrtes, L.; de Souza Pereira, M.; da Silva, F.; Pereira, B.A.; de Oliveira Junior, F.; de Araújo
Soares, R.; Brazil, R.; Toma, L.; Vicente, C.; Nader, H.; et al. Participation of heparin binding proteins from
the surface of Leishmania (Viannia) braziliensis promastigotes in the adhesion of parasites to Lutzomyia
longipalpis cells (Lulo) in vitro. Parasit. Vectors 2012, 5, 142. [CrossRef] [PubMed]

76. Nunes, G.L.C.; Simões, A.; Dyszy, F.H.; Shida, C.S.; Juliano, M.A.; Juliano, L.; Gesteira, T.F.; Nader, H.B.;
Murphy, G.; Chaffotte, A.F.; et al. Mechanism of heparin acceleration of tissue inhibitor of metalloproteases-1
(TIMP-1) degradation by the human neutrophil elastase. PLoS ONE 2011, 6, e21525. [CrossRef] [PubMed]

77. Oliveira, F.O.R.; Alves, C.R.; Souza-Silva, F.; Calvet, C.M.; Côrtes, L.M.C.; Gonzalez, M.S.; Toma, L.;
Bouças, R.I.; Nader, H.B.; Pereira, M.C.S. Trypanosoma cruzi heparin-binding proteins mediate the adherence
of epimastigotes to the midgut epithelial cells of Rhodnius prolixus. Parasitology 2012, 139, 735–743.
[CrossRef] [PubMed]

78. Chang, Y.C.; Wang, Z.; Flax, L.A.; Xu, D.; Esko, J.D.; Nizet, V.; Baron, M.J. Glycosaminoglycan binding
facilitates entry of a bacterial pathogen into central nervous systems. PLoS Pathog. 2011, 7, e1002082.
[CrossRef] [PubMed]

79. Wang, Z.; Flax, L.A.; Kemp, M.M.; Linhardt, R.J.; Baron, M.J. Host and pathogen glycosaminoglycan-binding
proteins modulate antimicrobial peptide responses in Drosophila melanogaster. Infect. Immun. 2011, 79,
606–616. [CrossRef] [PubMed]

80. Nelson, A.; Berkestedt, I.; Schmidtchen, A.; Ljunggren, L.; Bodelsson, M. Increased levels of glycosaminoglycans
during septic shock: Relation to mortality and the antibacterial actions of plasma. Shock 2008, 30, 623–627.
[CrossRef] [PubMed]

81. Cornet, A.D.; Smit, E.G.M.; Beishuizen, A.; Groeneveld, A.B.J. The role of heparin and allied compounds in
the treatment of sepsis. Thromb. Haemost. 2007, 98, 579–586. [CrossRef] [PubMed]

82. Tenke, P.; Riedl, C.R.; Jones, G.L.; Williams, G.J.; Stickler, D.; Nagy, E. Bacterial biofilm formation on urologic
devices and heparin coating as preventive strategy. Int. J. Antimicrob. Agents 2004, 23, S67–S74. [CrossRef]
[PubMed]

83. Ceranowicz, P.; Dembinski, A.; Warzecha, Z.; Dembinski, M.; Cieszkowski, J.; Rembisz, K.; Konturek, S.J.;
Kusnierz-Cabala, B.; Tomaszewska, R.; Pawlik, W.W. Protective and therapeutic effect of heparin in acute
pancreatitis. J. Physiol. Pharmacol. 2008, 59, 103–125. [PubMed]

84. Berger, Z.; Quera, R.; Poniachik, J.; Oksenberg, D.; Guerrero, J. Heparin and insulin treatment of acute
pancreatitis caused by hypertriglyceridemia. Experience of 5 cases. Rev. Med. Chil. 2001, 129, 1373–1378.
[CrossRef] [PubMed]

85. Qiu, F.; Lu, X.S.; Huang, Y.K. Protective effect of low-molecular-weight heparin on pancreatic encephalopathy
in severe acute pancreatic rats. Inflamm. Res. 2012, 61, 1203–1209. [CrossRef] [PubMed]

86. Trzaskoma, A.; Kruczek, M.; Rawski, B.; Poniewierka, E.; Kempiński, R. The use of heparin in the treatment
of acute pancreatitis. Pol. Przegl. Chir. 2013, 85, 223–227. [CrossRef] [PubMed]

87. Lu, X.-S.; Qiu, F.; Li, J.-Q.; Fan, Q.-Q.; Zhou, R.-G.; Ai, Y.-H.; Zhang, K.-C.; Li, Y.-X. Low molecular
weight heparin in the treatment of severe acute pancreatitis: A multiple centre prospective clinical study.
Asian J. Surg. 2009, 32, 89–94. [PubMed]

204



Molecules 2017, 22, 749

88. Gyorgy, B.; Tothfalusi, L.; Nagy, G.; Pasztoi, M.; Geher, P.; Polgar, A.; Rojkovich, B.; Ujfalussy, I.; Misjak, P.;
Koncz, A.; Pozsonyi, E.; Fust, G.; Falus, A.; Buzas, E.I. Natural autoantibodies reactive to glycosaminoglycans
are disease state markers in rheumatoid arthritis and are associated with HLA. Ann. Rheum. Dis. 2010, 69,
A2. [CrossRef]

89. Larsson, S.; Lohmander, L.S.; Struglics, A. Synovial fluid level of aggrecan ARGS fragments is a more sensitive
marker of joint disease than glycosaminoglycan or aggrecan levels: A cross-sectional study. Arthritis Res. Ther.
2009, 11, R92. [CrossRef] [PubMed]

90. Palmer, J.L.; Bertone, A.L.; McClain, H. Assessment of glycosaminoglycan concentration in equine synovial
fluid as a marker of joint disease. Can. J. Vet. Res. 1995, 59, 205–212. [PubMed]

91. Page, C. Heparin and related drugs: beyond anticoagulant activity. ISRN Pharmacol. 2013, 2013, 910743.
[CrossRef] [PubMed]

92. McIntire, A.M.; Harris, S.A.; Whitten, J.A.; Fritschle-Hilliard, A.C.; Foster, D.R.; Sood, R.; Walroth, T.A.
Outcomes Following the Use of Nebulized Heparin for Inhalation Injury (HIHI Study). J. Burn Care Res.
2017, 38, 45–52. [CrossRef] [PubMed]

93. Shastri, M.D.; Peterson, G.M.; Stewart, N. Non-anticoagulant derivatives of heparin for the management of
asthma: Distant dream or close reality? Expert Opin. Investig. Drugs 2014, 23, 357–373. [CrossRef] [PubMed]

94. Serisier, D.J.; Shute, J.K.; Hockey, P.M.; Higgins, B.; Conway, J.; Carroll, M.P. Inhaled heparin in cystic fibrosis.
Eur. Respir. J. 2006, 27, 354–358. [CrossRef] [PubMed]

95. Kozlowski, E.O.; Gomes, A.M.; Silva, C.S. Structure and Biological Activities of Glycosaminoglycan analogs
from marine invertebrates: New therapeutic agents? In Glycans in Diseases and Therapeutics, Biology of the
Extracellular Matrix 158; Pavão, M.S.G., Ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 159–184.

96. Pavão, M.S.G. Glycosaminoglycans analogs from marine invertebrates: Structure, biological effects, and
potential as new therapeutics. Front. Cell. Infect. Microbiol. 2014, 4, 123.

97. Sato, K.; Tsutsumi, M.; Nomura, Y.; Murata, N.; Kondo, N. Proteoglycan Isolated from Cartilaginous Fish
and Process for Producing the Same. WO/2004/083257, 30 September 2004.

98. Brosstad, F.; Flengsrud, R.; Skjervold, P.O.; Odegaard, O.R. Glycosaminoglycan Anticoagulants Derived
from Fish. US7618652 B2, 22 March 2002.

99. Holley, R.J.; Meade, K.A.; Merry, C.L.R. Using embryonic stem cells to understand how glycosaminoglycans
regulate differentiation. Biochem. Soc. Trans. 2014, 42, 689–695. [CrossRef] [PubMed]

100. Pickford, C.E.; Holley, R.J.; Rushton, G.; Stavridis, M.P.; Ward, C.M.; Merry, C.L.R. Specific glycosaminoglycans
modulate neural specification of mouse embryonic stem cells. Stem Cells 2011, 29, 629–640. [CrossRef]
[PubMed]

101. Holley, R.J.; Smith, R.A.; van de Westerlo, E.M.A.; Pickford, C.E.; Merry, C.L.R.; van Kuppevelt, T.H. Use
of flow cytometry for characterization and fractionation of cell populations based on their expression of
heparan sulfate epitopes. Methods Mol. Biol. 2015, 1229, 239–251. [PubMed]

102. Meade, K.A.; White, K.J.; Pickford, C.E.; Holley, R.J.; Marson, A.; Tillotson, D.; Van Kuppevelt, T.H.;
Whittle, J.D.; Day, A.J.; Merry, C.L.R. Immobilization of heparan sulfate on electrospun meshes to support
embryonic stem cell culture and differentiation. J. Biol. Chem. 2013, 288, 5530–5538. [CrossRef] [PubMed]

103. Ghadiali, R.S.; Guimond, S.E.; Turnbull, J.E.; Pisconti, A. Dynamic changes in heparan sulfate during muscle
differentiation and ageing regulate myoblast cell fate and FGF2 signaling. Matrix Biol. 2017, 59, 54–68.
[CrossRef]

104. Holder, G.M.; Bowfield, A.; Surman, M.; Suepfle, M.; Moss, D.; Tucker, C.E.; Rudd, T.R.; Fernig, D.G.;
Yates, E.A.; Weightman, P. Fundamental differences in model cell-surface polysaccharides revealed by
complementary optical and spectroscopic techniques. Soft Matter 2012, 8, 6521–6527. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

205



molecules

Review

Non-Anticoagulant Heparins Are Hepcidin
Antagonists for the Treatment of Anemia

Maura Poli 1, Michela Asperti 1, Paola Ruzzenenti 1, Annamaria Naggi 2 and Paolo Arosio 1,*

1 Department of Molecular and Translational Medicine, University of Brescia, Viale Europa 11, 25123 Brescia,
Italy; maura.poli@unibs.it (M.P.); michela.asperti@unibs.it (M.A.); p.ruzzenenti001@unibs.it (P.R.)

2 G. Ronzoni Institute for Chemical and Biochemical Research, Milan 20133, Italy; naggi@ronzoni.it
* Correspondence: paolo.arosio@unibs.it; Tel.: +39-030-371-7303; Fax: +39-030-371-7305

Academic Editor: Diego Muñoz-Torrero
Received: 21 March 2017; Accepted: 6 April 2017; Published: 8 April 2017

Abstract: The peptide hormone hepcidin is a key controller of systemic iron homeostasis, and its
expression in the liver is mainly regulated by bone morphogenetic proteins (BMPs), which are
heparin binding proteins. In fact, heparins are strong suppressors of hepcidin expression in hepatic
cell lines that act by inhibiting the phosphorylation of SMAD1/5/8 proteins elicited by the BMPs.
The inhibitory effect of heparins has been demonstrated in cells and in mice, where subcutaneous
injections of non-anticoagulant heparins inhibited liver hepcidin expression and increased iron
bioavailability. The chemical characteristics for high anti-hepcidin activity in vitro and in vivo
include the 2O-and 6O-sulfation and a molecular weight above 7 kDa. The most potent heparins have
been found to be the super-sulfated ones, active in hepcidin suppression with a molecular weight
as low as 4 kDa. Moreover, the alteration of endogenous heparan sulfates has been found to cause
a reduction in hepcidin expression in vitro and in vivo, indicating that heparins act by interfering
with the interaction between BMPs and components of the complex involved in the activation of the
BMP/SMAD1/5/8 pathway. This review summarizes recent findings on the anti-hepcidin activity of
heparins and their possible use for the treatment of anemia caused by hepcidin excess, including the
anemia of chronic diseases.

Keywords: heparin; hepcidin; iron homeostasis; anemia

1. Introduction

The biological function of heparins has not been fully established yet, but it is well known that
they can bind a large number of plasma proteins with important biological roles that include growth
factors, morphogens, and cytokines. This occurs because heparin shares the same binding capacity
as the heparan sulfates (HSs) bound to the surfaces of all mammalian cells. The binding of growth
factors and morphogens to surface HSs is important to modulate and control their functionalities,
availability, and stability [1]. Most members of the TGF-beta superfamily bind heparin and HSs, and
they include more than 15 types of bone morphogenetic proteins (BMPs) [2]. Among them, BMP2
and BMP4 and the homologous drosophila decapentaplegic have been extensively characterized for
the binding to heparin and to the endogenous heparan sulfates, an interaction shown to be essential
both for making a gradient during embryo development and for controlling local concentration [3].
The heparan sulfates have a major role for the binding and activity of FGF and VEGF and for the
osteogenic activity of BMPs [2,4,5]. More recently, it was shown that the BMPs, and in particular BMP6,
in the liver have the specific role of activating the expression of hepcidin, the iron-inflammation peptide
hormone that regulates systemic iron homeostasis [6]. This has stimulated studies to verify if heparin
can interfere with the activity of BMP6 and hepcidin expression in cells and in animals, and this led to
the demonstration that non-anticoagulant heparins are efficient suppressors of hepcidin. This review
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summarizes the recent development on mammalian iron homeostasis, its regulation and pathological
deregulations, and the possible use of heparins for treatment of anemias caused by hepcidin excess, as
it occurs in inflammatory conditions.

2. Iron Homeostasis and the Role of Hepcidin

Iron is an essential micronutrient for all organisms since it acts as a cofactor for enzymes involved
in vital processes including oxygen transport (hemoglobin and myoglobin), citric acid cycle and
cellular respiration (Fe/S cluster proteins and cytochromes), antioxidant defense (peroxidase and
catalase), DNA/RNA synthesis, and nucleotide metabolism (ribosome reductase). However, it is
also potentially toxic because Fe(II) can participate in Fenton’s reaction, giving rise to toxic oxygen
species. As a consequence, iron homeostasis must be tightly controlled, at both the cellular and the
systemic levels. The mechanism acting at the cellular level has been clarified long ago and uses the
iron regulatory proteins that bind elements on the ferritin and transferrin-receptor-1 mRNA in an
iron-dependent manner and that thus regulate iron storage and iron uptake in the opposite way [7].
The study of systemic iron homeostasis was more complex, and the basic mechanism has only recently
been elucidated. The normal Western daily diet contains about 10–15 mg of iron, most of which
is heme iron and the rest is as Fe(III) complexed to various molecules, but only a portion of this
iron is absorbed to compensate the physiological losses of the body (1–2 mg/day). They are not
regulated and consist in cell defoliation, sweat, and by periodic/occasional blood losses that must
be balanced by an equal amount of iron intake to maintain the 4–5 g of iron needed for the synthesis
of hemoglobin and the many essential iron enzymes [8]. Only under conditions of iron deprivation,
most of the available iron can be taken up by the body. The mechanism used by heme iron to enter
the duodenal enterocyte has not been clarified, while non-heme iron is first reduced by an epithelial
ferric reductase DcytB that makes it more soluble and adapt to be taken up by the transporter named
DMT1 [9]. Once in the enterocyte, the iron can enter the storage compartment of the ferritin to be
lost at the end of the cell life cycle, or be transferred to circulation via the exporter named ferroportin,
in a step that needs the assistance of a ferroxidase enzyme, hephestin, or ceruloplasmin to load it
onto the serum transferrin. The transferrin iron is delivered via the transferrin-receptor-1 to the
various organs and in particular to the bone marrow where the erythroid precursors use most of it
for hemoglobin synthesis [10]. The hemoglobin iron is eventually released to the transferrin, and the
red blood cells are thereafter taken up by phagocytic macrophages, mainly in the spleen, where the
heme is degraded by heme-oxygenase and the iron is exported via the ferroportin. This pathway
implies that the availability of systemic iron relies mostly on the cellular iron export that depends
on the ferroportin, and the exported iron originates partly from the diet (1–2 mg/die) and mostly
from hemoglobin recycling (20–25 mg/die). In fact, the major control of systemic iron relies on a
protein hormone, named hepcidin, that binds specifically to ferroportin to induce its internalization,
ubiquitination, and degradation, thus reducing systemic iron availability [11]. When hepcidin is low,
iron is readily released by enterocytes and macrophages, it becomes more available and may determine
iron overload in the parenchymal cells, as it occurs in hereditary hemochromatosis. If hepcidin is high,
less iron is absorbed and recycled, leading to anemia and iron retention in the macrophages of the
spleen. After the discovery that hepcidin is the major controller of systemic iron availability, the focus
was on the mechanism of its regulation. Hepcidin is produced as a propeptide that is processed in the
mature 25 amino acid form stabilized by four disulfide bonds. It is expressed mainly by the hepatocytes
in an iron-dependent manner with a typical feedback manner: upregulated when body iron is high and
downregulated when body iron is low. The finding that hepcidin is upregulated also by inflammation
and downregulated by erythroid activity and hypoxia was important [12]. The important role of
inflammation on hepcidin transcription clarified why many inflammatory conditions are accompanied
by low hemoglobin, as it occurs in the anemia of chronic diseases or anemia of inflammation [13].
Dysregulations of hepcidin expression are associated with various disorders, so an understanding
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of the detailed mechanism of hepcidin control could lead to the development of therapies for the
treatment of various iron-related disorders.

The regulation of hepcidin occurs mainly at a transcriptional level and mostly relies on the
BMP6/SMAD pathway that, when activated, strongly stimulates hepcidin expression in the liver [14].
This involves the BMP receptors and requires the assistance of a specific co-receptor named hemojuvelin
(HJV) that is a GPI-anchor membrane protein [15]. The BMP binding activates the Type II receptor
BMPRII to phosphorylate the Type I receptor ALK2, which causes the phosphorylation of SMAD1/5/8
that then associates with SMAD4 and the complex migrates to the nucleus to bind the element at
the hepcidin promoter [16]. Iron activates this pathway via a mechanism that has not been fully
elucidated but is known to involve the induction of BMP6 [17]. The inflammatory stimulus acts
mainly via IL6 produced by macrophages that activates the JAK/STAT3 pathway, which potentiates
the BMP/SMAD pathway [18]. A further regulation is made by the presence of a liver-specific
membrane serine-protease named TMPRSS6, which cleaves and inactivates HJV, thus inhibiting
hepcidin expression [19]. Mutation of this gene cause a genetic iron-refractory iron-deficiency anemia
(IRIDA) because of elevated hepcidin levels [20].

3. Heparins and Hepcidin Expression

In vitro studies on hepatic cells initially showed that BMP2 is a strong inducer of hepcidin,
but later it was found that BMP6 is the physiological BMP dedicated to hepcidin expression based on
the evidence that the major phenotype of mice deficient in BMP6 was a massive liver iron overload
and that BMP6 is regulated in an iron-dependent manner [21]. After these findings, many approaches
have been taken for a pharmacological control of hepcidin expression, identifying and developing both
hepcidin agonists and antagonists. These studies have been described in recent reviews and include
molecules that sequester hepcidin, that interfere with the BMP/SMAD or IL6/STAT3 pathways, that
regulate hepcidin expression, that act on BMP co-receptors, and that mimic hepcidin and others [22–24].

Our approach started with the observation that BMPs are heparin binding proteins and
thus heparin might interfere with the BMP/SMAD pathway that controls hepcidin expression.
We demonstrated that commercial heparins used in clinics for their anticoagulant property are strong
inhibitors of hepcidin expression in vitro in mice and in the few hospitalized patients we analyzed [25].
In vitro, we tested hepatoma HepG2 cells with unfractionated heparin (UFH), low-molecular-weight
heparin (LMWH), and the pentasaccharide Fondaparinux, and we observed that UFH was the most
effective in suppressing hepcidin expression at pharmacological concentrations with an effect that
lasted up to 22 h. Moreover, in these cells, UFH fully suppressed hepcidin stimulation by exogenous
BMP6 in a manner slightly different from that of BMP2. LMWH maintained some anti-hepcidin activity
but at higher doses, while the pentasaccharide Fondaparinux was only marginally functional; thus,
the potency was in the following order: UFH > LMWH >> Fondaparinux [25]. Mice treatments with
pharmacological concentrations of UFH downregulated hepcidin and modified body iron status, with
an increase of circulating iron and a decrease of spleen storage iron [25]. However, the use of heparin
in mice was difficult because of its anticoagulant activity. To overcome this problem, the heparins were
chemically modified to reduce/abolish this activity by altering the antithrombin binding site. This was
done by a process of oxidation and reduction that produced Glycol-split heparins or by increasing the
sulfation degree in the super-sulfated heparins [26]. The Glycol-split heparins we analyzed, named
RO-82 and RO-68, were completely devoid of anti-coagulant activity and could be easily used in
the mice without side effects, showing a potent hepcidin inhibitory activity [27]. The super-sulfated
heparin, coded SSLMWH-19, was even more potent than the glycol-split heparins although it retained
a marginal anticoagulant activity [28]. The anti-hepcidin activity of heparins, both anti-coagulant and
modified ones, was always accompanied by the concomitant reduction in the pSMAD activation and
the reduction in Id1 mRNA, a marker of this pathway, both in hepatoma cells and in mice. In addition,
we observed that the inhibitory effect was specific for the BMP/SMAD pathway; in fact, when we
stimulated hepcidin expression with an inflammatory stimulus (IL6 in cells and lipopolysaccharide in
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mice), heparins suppressed hepcidin induction by inhibiting only the BMP-SMAD related pathway,
without any changes in the activation of the pSTAT3 inflammatory pathway [27].

Molecular weight and the degree of sulfation are the two major chemical properties of heparins
that we analyzed to evaluate their effect on anti-hepcidin activity. Heparin preparations are a pool of
molecules with different molecular weights. Thus, they were fractionated on gel filtration columns
to obtain preparations with defined and restricted molecular weight. We found that the Glycol-split
heparins with a molecular weight above 7 kDa were able to completely suppress hepcidin expression
in hepatoma cells, even after BMP6 stimulation. Interestingly, the super-sulfated heparin SSLMWH-19
preserved a high anti-hepcidin activity even with molecular weight as low as 4 kDa. In vivo
experiments in mice confirmed that the Glycol-split heparins above 7 kDa and the super-sulfated
ones of about 4 kDa were highly effective in suppressing liver hepcidin expression [29]. We further
analyzed heparins in which the sulfated groups in position 6-O and 2-O were selectively removed
or were N-acetylated and we found that they had a reduced inhibitory effect on hepcidin expression
both in the absence or presence of BMP6 stimulation and in mice [29]. Altogether, we showed that
non-anti-coagulant Glycol-split heparins have a strong anti-hepcidin property, and to be functional
they must be 2O- and 6O-sulfated and have a molecular weight > 7 kDa that corresponds to about
17 saccharide residues. Similarly, the effective super-sulfated heparins have a molecular weight >4 kDa
and are made of more than 9 saccharide residues. This is in line with the finding that to exert a potent
activity, these compounds should expose numerous binding sites for the interaction with different
molecules or different sites of the same molecule. The heparins used in our studies and their properties
are summarized in Table 1, and a scheme of the mechanism of the anti-hepcidin activity of heparin
shown in Figure 1.

Figure 1. Scheme of the anti-hepcidin activity of heparin. In the physiological pathway, the binding
of BMP6 causes the phosphorylation of Type I receptor by Type II receptor, which phosphorylates
SMAD1/5/8 that associates with SMAD4, and the complex enters the nucleus to bind to the responsive
element on the hepcidin promoter. The anti-hepcidin activity of heparin is thought to act by
sequestering BMP6 and interfering with its binding to the receptors.
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Table 1. List of the heparins tested for the anti-hepcidin property in vitro and/or in vivo. These include
anti-coagulant and non-anticoagulant heparins as indicated. The main features and the anti-hepcidin
potency (*** strong anti-hepcidin activity/** intermediate anti-hepcidin activity/* low anti-hepcidin
activity) of the heparins are described. The fractions of fractionated heparins are coded as F plus
a number.

Heparins Tested for Anti-Hepcidin Activity

Compounds Description Mw (kD) Anticoagulant Potency Ref.

UFH Pig Mucosal heparin, commercial (Calciparina) 12.0–15.0 yes *** [25,27]
PMH Pig Mucosal heparin (API) 19.9 yes *** [25,27]
LMWH Commercial LMWH Enoxaparin (Clexane) 4.5 yes ** [25,27]
FONDAPARINUX Commercial pentasaccharide (Arixtra) 1.7 yes * [25,27]
RO-82 Glycol-Split, 16.0 no *** [27,29]
RO-68 Partially 2O-desulfated,Glycol-split 16.4 no *** [27,29]
NAc-91 N-acetylated 16.0 no * [27,29]
NAc-RO-00 N-Acetylated, glycol-split 15.9 no * [27,29]
SSLMWH-19 Super-sulfated LMW 8.8 partially *** [27,29]
PMH-F1 PMH fraction 21.6 yes *** [29]
PMH-F2 PMH fraction 14.4 yes *** [29]
PMH-F3 PMH fraction 10.0 yes *** [29]
RO-82-F1 Glycol-Split, fraction 12.0 no *** [29]
RO-82-F2 Glycol-Split, fraction 9.2 no *** [29]
RO-82-F3 Glycol-Split, fraction 7.8 no ** [29]
RO-82-F4 Glycol-Split, fraction 6.8 no ** [29]
RO-68-F1 Partially 2O-desulfated Glycol-split 7.8 no ** [29]
RO-68-F2 Partially 2O-desulfated Glycol-split 6.2 no ** [29]
RO-68-F3 Partially 2O-desulfated Glycol-split 3.9 no * [29]
SSLMWH-19-F1 Super-sulfated LMW fraction 12.9 partially *** [29]
SSLMWH-19-F2 Super-sulfated LMW fraction 10.3 partially *** [29]
SSLMWH-19-F3 Super-sulfated LMW fraction 6.9 partially *** [29]
SSLMWH-19-F4 Super-sulfated LMW fraction 4.0 partially *** [29]
2-O PMH 2-O desulfated - no * [29]
6-O PMH 6-O desulfated - no * [29]

4. Alternative Ways of Heparin Administration

Heparin is normally administrated subcutaneously, the absorption of which is now well
characterized and known [30]. Therefore, for the treatment of mice, we use the same subcutaneous
administration that produced good results in the short run [27]. However, in some cases of iron
deficient anemia caused by hepcidin excess, it would take a long time to replenish the iron stores, and
thus chronic treatments should probably be used. Thus, alternative ways of administration should
be explored—methods that are less invasive than the daily subcutaneous injection. To this aim, we
started using mice osmotic pumps, which ensure the continuous delivery of the compound for 7 or 28
days. This has already been successfully used in mice for the delivery of a non-anticoagulant heparin
to study its anti-tumor activity [31,32]. This encouraged us to deliver Glycol-split heparins with an
osmotic pump in mice for 7 days. The preliminary data showed that the implants and heparin delivery
did not cause any evident adverse effect, but we did find a significant inhibition of liver hepcidin
mRNA and of the serum hepcidin (unpublished data). These results encourage use to continue with
further analysis. Oral administration of heparin is also interesting; oral heparin therapeutics for
anticoagulant activity using different methods for drug delivery, such as liposomes, emulsions, or
chemically modified heparin, has long been attempted, without major effects [33]. In preliminary
attempts, we administrated the super-sulfated SSLMWH-19 heparin by a single oral gavage in mice
and observed a significant reduction in liver hepcidin mRNA. Further studies are needed to verify if
functional, low-molecular-weight heparin can diffuse across the gastrointestinal membrane and enter
the circulation to exert reproducible anti-hepcidin activity.

5. Hepcidin and Endogenous Heparan Sulfates

The exogenous heparin is normally used to interfere with the physiological interactions between
the ligands and endogenous heparan sulfates, thus it was of interest to verify if and how the heparan
sulfates participate in the mechanism of hepcidin expression. As an approach to study this, we analyzed
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the effect of heparanase, the enzyme that physiologically degrades the heparan sulfates [34].
Overexpression of the enzyme in hepatic cell lines caused an inhibition of hepcidin expression and
an increase of cellular iron and ferritin [35]. Mice with overexpression of heparanase were healthy,
but they showed abnormal levels of hepcidin and liver iron loading [35]. In another approach, we
treated HepG2 cells with sodium chlorate, a known inhibitor of heparan sulfate biosynthesis that
interferes with the sulfate carrier donor PAPS (3’-phosphoadenosine 5’-phosphosulfate). This caused
a strong inhibition of hepcidin expression even after stimulation with BMP6 (unpublished results).
Experiments to inhibit key enzymes of heparan sulfate biosynthesis in cells and in mice are in progress.
We propose a scheme of the mechanism of action of endogenous heparan sulfates involvement in
hepcidin expression pathway, as shown in Figure 2.

 
Figure 2. The heparan sulfates bound to proteoglycans cover cellular membranes and are thought
to participate in the binding of BMP6 to the receptors for activation of the SMAD signaling. This is
supported by the evidence that alteration of the endogenous heparan sulfate structure by heparanase
overexpression strongly reduced BMP6 signaling and hepcidin expression in cells and mice. Exogenous
heparins probably interfere with the roles of endogenous heparan sulfates.

6. BMP6 and Heparin Binding

Most BMPs bind heparin, and in fact they were originally purified from heparin columns [36].
A major heparin binding domain has been identified in BMP2 by site-directed mutagenesis [37–39], and
it involves the N-terminus that is disordered and not detected in the crystallographic structure. The
site does not overlap with the binding sites of the receptors that are at the edges of the molecule [40].
The sequence is conserved also in BMP4, and the biological activity of both molecules is affected by
exogenous heparins, although the effect seems to be variable stimulatory [41] or inhibitory [42]. This
N-terminal sequence is substituted in BMP6 and BMP7, being longer and with a lower density of basic
residues. More important in our study is that this segment is absent in the commercial preparations of
BMP6 that are biologically active, possibly because the basic residues interfere with expression and
purification. Our preliminary data indicate that this sequence is important for heparin binding, and
suggest the presence of a second heparin binding site exposed on the opposite site of the molecule
that has lower affinity. Moreover, the BMP receptors were found to bind heparin [42], and it was
proposed that they may bind Type II receptor and facilitate its interaction with Type I [3], thus acting
as a co-receptors, similar to what has been described for Neogenin, which also binds to Type II before
Type I [40]. The binding of HJV to heparin has not been studied yet.

7. Conclusions

Heparin interferes with the BMP6/SMAD pathway of hepcidin regulation, acting as a strong
suppressor. The activity is also evident in vivo in animal models, and non-anticoagulant heparins
are promising heparin antagonists that can be used for treatments of conditions with an excess of
hepcidin, such as the anemia of chronic disease, also known as anemia of inflammation, which is the
most common form of anemia in hospitalized patients, and the iron-refractory iron-deficient anemia
(IRIDA) mainly linked to genetic variations of the Tmprrs6 gene. An understanding of how heparin
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and heparan sulfates participate in the mechanism of BMP/SMAD pathways is emerging, but awaits
clarification from further studies.

Acknowledgments: This work was partially supported by Telethon grant GGP15064 to PA, by Fondazione Cariplo
2012-0570 to PA and AN, and MIUR PRIN-10-11 to PA.

Conflicts of Interest: The authors declare non conflict of interest.

References

1. Turnbull, J.; Powell, A.; Guimond, S. Heparan sulfate: Decoding a dynamic multifunctional cell regulator.
Trends. Cell. Biol. 2001, 11, 75–82. [CrossRef]

2. Rider, C.C. Heparin/heparan sulphate binding in the tgf-beta cytokine superfamily. Biochem. Soc. Trans.
2006, 34, 458–460. [CrossRef] [PubMed]

3. Kuo, W.J.; Digman, M.A.; Lander, A.D. Heparan sulfate acts as a bone morphogenetic protein coreceptor by
facilitating ligand-induced receptor hetero-oligomerization. Mol. Biol. Cell. 2010, 21, 4028–4041. [CrossRef]
[PubMed]

4. Capila, I.; Linhardt, R.J. Heparin-protein interactions. Angew. Chem. Int. Ed. Engl. 2002, 41, 391–412.
[CrossRef]

5. Goldberg, R.; Meirovitz, A.; Hirshoren, N.; Bulvik, R.; Binder, A.; Rubinstein, A.M.; Elkin, M. Versatile role
of heparanase in inflammation. Matrix. Biol. 2013, 32, 234–240. [CrossRef] [PubMed]

6. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin
regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306,
2090–2093. [CrossRef] [PubMed]

7. Kuhn, L.C. Iron regulatory proteins and their role in controlling iron metabolism. Metallomics 2015, 7,
232–243. [CrossRef] [PubMed]

8. Rouault, T.; Klausner, R. Regulation of iron metabolism in eukaryotes. Curr. Top. Cell. Regul. 1997, 35, 1–19.
[PubMed]

9. McKie, A.; Barrow, D.; Latunde-Dada, G.; Rolfs, A.; Sager, G.; Mudaly, E.; Mudaly, M.; Richardson, C.;
Barlow, D.; Bomford, A.; et al. An iron-regulated ferric reductase associated with the absorption of dietary
iron. Science 2001, 291, 1755–1759. [CrossRef] [PubMed]

10. Pantopoulos, K.; Porwal, S.K.; Tartakoff, A.; Devireddy, L. Mechanisms of mammalian iron homeostasis.
Biochemistry 2012, 51, 5705–5724. [CrossRef] [PubMed]

11. Nemeth, E.; Ganz, T. The role of hepcidin in iron metabolism. Acta. Haematol. 2009, 122, 78–86. [CrossRef]
[PubMed]

12. Camaschella, C.; Silvestri, L. Molecular mechanisms regulating hepcidin revealed by hepcidin disorders.
Scientific World J. 2011, 11, 1357–1366. [CrossRef] [PubMed]

13. Ganz, T.; Nemeth, E. Hepcidin and disorders of iron metabolism. Annu. Rev. Med. 2011, 62, 347–360.
[CrossRef] [PubMed]

14. Babitt, J.L.; Huang, F.W.; Xia, Y.; Sidis, Y.; Andrews, N.C.; Lin, H.Y. Modulation of bone morphogenetic
protein signaling in vivo regulates systemic iron balance. J. Clin. Investig. 2007, 117, 1933–1939. [CrossRef]
[PubMed]

15. Xia, Y.; Babitt, J.L.; Sidis, Y.; Chung, R.T.; Lin, H.Y. Hemojuvelin regulates hepcidin expression via a selective
subset of bmp ligands and receptors independently of neogenin. Blood 2008, 111, 5195–5204. [CrossRef]
[PubMed]

16. Poli, M.; Luscieti, S.; Gandini, V.; Maccarinelli, F.; Finazzi, D.; Silvestri, L.; Roetto, A.; Arosio, P.
Transferrin receptor 2 and hfe regulate furin expression via mitogen-activated protein kinase/extracellular
signal-regulated kinase (mapk/erk) signaling. Implications for transferrin-dependent hepcidin regulation.
Haematologica 2010, 95, 1832–1840. [CrossRef] [PubMed]

17. Ganz, T.; Nemeth, E. Hepcidin and iron homeostasis. Biochim. Biophys. Acta 2012, 1823, 1434–1443. [CrossRef]
[PubMed]

18. Verga Falzacappa, M.V.; Vujic Spasic, M.; Kessler, R.; Stolte, J.; Hentze, M.W.; Muckenthaler, M.U. Stat3
mediates hepatic hepcidin expression and its inflammatory stimulation. Blood 2007, 109, 353–358. [CrossRef]
[PubMed]

212



Molecules 2017, 22, 598

19. Silvestri, L.; Pagani, A.; Nai, A.; De Domenico, I.; Kaplan, J.; Camaschella, C. The serine protease matriptase-2
(tmprss6) inhibits hepcidin activation by cleaving membrane hemojuvelin. Cell. Metab. 2008, 8, 502–511.
[CrossRef] [PubMed]

20. Finberg, K.E.; Heeney, M.M.; Campagna, D.R.; Aydinok, Y.; Pearson, H.A.; Hartman, K.R.; Mayo, M.M.;
Samuel, S.M.; Strouse, J.J.; Markianos, K.; et al. Mutations in tmprss6 cause iron-refractory iron deficiency
anemia (irida). Nat. Genet. 2008, 40, 569–571. [CrossRef] [PubMed]

21. Meynard, D.; Kautz, L.; Darnaud, V.; Canonne-Hergaux, F.; Coppin, H.; Roth, M.P. Lack of the bone
morphogenetic protein bmp6 induces massive iron overload. Nat. Genet. 2009, 41, 478–481. [CrossRef]
[PubMed]

22. Drakesmith, H.; Nemeth, E.; Ganz, T. Ironing out ferroportin. Cell. Metab. 2015, 22, 777–787. [CrossRef]
[PubMed]

23. Poli, M.; Asperti, M.; Ruzzenenti, P.; Regoni, M.; Arosio, P. Hepcidin antagonists for potential treatments of
disorders with hepcidin excess. Front. Pharmacol. 2014, 5, 86. [CrossRef] [PubMed]

24. Sun, C.C.; Vaja, V.; Babitt, J.L.; Lin, H.Y. Targeting the hepcidin-ferroportin axis to develop new treatment
strategies for anemia of chronic disease and anemia of inflammation. Am. J. Hematol. 2012, 78, 392–400.
[CrossRef] [PubMed]

25. Poli, M.; Girelli, D.; Campostrini, N.; Maccarinelli, F.; Finazzi, D.; Luscieti, S.; Nai, A.; Arosio, P. Heparin:
A potent inhibitor of hepcidin expression in vitro and in vivo. Blood 2011, 117, 997–1004. [CrossRef]
[PubMed]

26. Casu, B.; Guerrini, M.; Guglieri, S.; Naggi, A.; Perez, M.; Torri, G.; Cassinelli, G.; Ribatti, D.; Carminati, P.;
Giannini, G.; et al. Undersulfated and glycol-split heparins endowed with antiangiogenic activity.
J. Med. Chem. 2004, 47, 838–848. [CrossRef] [PubMed]

27. Poli, M.; Asperti, M.; Naggi, A.; Campostrini, N.; Girelli, D.; Corbella, M.; Benzi, M.; Besson-Fournier, C.;
Coppin, H.; Maccarinelli, F.; et al. Glycol-split nonanticoagulant heparins are inhibitors of hepcidin
expression in vitro and in vivo. Blood 2014, 123, 1564–1573. [CrossRef] [PubMed]

28. Poli, M.; Asperti, M.; Ruzzenenti, P.; Mandelli, L.; Campostrini, N.; Martini, G.; Di Somma, M.; Maccarinelli, F.;
Girelli, D.; Naggi, A.; et al. Oversulfated heparins with low anticoagulant activity are strong and fast
inhibitors of hepcidin expression in vitro and in vivo. Biochem. Pharmacol. 2014, 92, 467–475. [CrossRef]
[PubMed]

29. Asperti, M.; Naggi, A.; Esposito, E.; Ruzzenenti, P.; Di Somma, M.; Gryzik, M.; Arosio, P.; Poli, M. High
sulfation and a high molecular weight are important for anti-hepcidin activity of heparin. Front. Pharmacol.
2015, 6, 316. [CrossRef] [PubMed]

30. Hirsh, J.; Warkentin, T.E.; Raschke, R.; Granger, C.; Ohman, E.M.; Dalen, J.E. Heparin and
low-molecular-weight heparin: Mechanisms of action, pharmacokinetics, dosing considerations, monitoring,
efficacy, and safety. Chest 1998, 114, 489S–510S. [CrossRef] [PubMed]

31. Ritchie, J.P.; Ramani, V.C.; Ren, Y.; Naggi, A.; Torri, G.; Casu, B.; Penco, S.; Pisano, C.; Carminati, P.;
Tortoreto, M.; et al. SST0001, a chemically modified heparin, inhibits myeloma growth and angiogenesis via
disruption of the heparanase/syndecan-1 axis. Clin. Cancer. Res. 2011, 17, 1382–1393. [CrossRef] [PubMed]

32. Yang, Y.; MacLeod, V.; Dai, Y.; Khotskaya-Sample, Y.; Shriver, Z.; Venkataraman, G.; Sasisekharan, R.;
Naggi, A.; Torri, G.; Casu, B.; et al. The syndecan-1 heparan sulfate proteoglycan is a viable target for
myeloma therapy. Blood 2007, 110, 2041–2048. [CrossRef] [PubMed]

33. Paliwal, R.; Paliwal, S.R.; Agrawal, G.P.; Vyas, S.P. Recent advances in search of oral heparin therapeutics.
Med. Res. Rev. 2012, 32, 388–409. [CrossRef] [PubMed]

34. Vlodavsky, I.; Goldshmidt, O.; Zcharia, E.; Metzger, S.; Chajek-Shaul, T.; Atzmon, R.; Guatta-Rangini, Z.;
Friedmann, Y. Molecular properties and involvement of heparanase in cancer progression and normal
development. Biochimie 2001, 83, 831–839. [CrossRef]

35. Asperti, M.; Stuemler, T.; Poli, M.; Gryzik, M.; Lifshitz, L.; Meyron-Holtz, E.G.; Vlodavsky, I.; Arosio, P.
Heparanase overexpression reduces hepcidin expression, affects iron homeostasis and alters the response to
inflammation. PLoS ONE 2016, 11, e0164183. [CrossRef] [PubMed]

36. Wozney, J.M.; Rosen, V.; Celeste, A.J.; Mitsock, L.M.; Whitters, M.J.; Kriz, R.W.; Hewick, R.M.; Wang, E.A.
Novel regulators of bone formation: Molecular clones and activities. Science 1988, 242, 1528–1534. [CrossRef]
[PubMed]

213



Molecules 2017, 22, 598

37. Ruppert, R.; Hoffmann, E.; Sebald, W. Human bone morphogenetic protein 2 contains a heparin-binding site
which modifies its biological activity. Eur. J. Biochem. 1996, 237, 295–302. [CrossRef] [PubMed]

38. Gandhi, N.S.; Mancera, R.L. Prediction of heparin binding sites in bone morphogenetic proteins (bmps).
Biochim. Biophys. Acta 2012, 1824, 1374–1381. [CrossRef] [PubMed]

39. Choi, Y.J.; Lee, J.Y.; Park, J.H.; Park, J.B.; Suh, J.S.; Choi, Y.S.; Lee, S.J.; Chung, C.P.; Park, Y.J. The identification
of a heparin binding domain peptide from bone morphogenetic protein-4 and its role on osteogenesis.
Biomaterials 2010, 31, 7226–7238. [CrossRef] [PubMed]

40. Healey, E.G.; Bishop, B.; Elegheert, J.; Bell, C.H.; Padilla-Parra, S.; Siebold, C. Repulsive guidance molecule
is a structural bridge between neogenin and bone morphogenetic protein. Nat. Struct. Mol. Biol. 2015, 22,
458–465. [CrossRef] [PubMed]

41. Zhao, B.; Katagiri, T.; Toyoda, H.; Takada, T.; Yanai, T.; Fukuda, T.; Chung, U.I.; Koike, T.; Takaoka, K.;
Kamijo, R. Heparin potentiates the in vivo ectopic bone formation induced by bone morphogenetic protein-2.
J. Biol. Chem. 2006, 281, 23246–23253. [CrossRef] [PubMed]

42. Kanzaki, S.; Takahashi, T.; Kanno, T.; Ariyoshi, W.; Shinmyouzu, K.; Tujisawa, T.; Nishihara, T. Heparin
inhibits bmp-2 osteogenic bioactivity by binding to both bmp-2 and bmp receptor. J. Cell. Physiol. 2008, 216,
844–850. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

214



molecules

Review

Heparin, Heparan Sulphate and the TGF-β
Cytokine Superfamily

Chris C. Rider * and Barbara Mulloy

Centre for Biomedical Sciences, School of Biological Sciences, Royal Holloway University of London,
Egham, Surrey TW20 0EX, UK; b.mulloy@imperial.ac.uk
* Correspondence: c.rider@rhul.ac.uk

Academic Editors: Giangiacomo Torri and Jawed Fareed
Received: 29 March 2017; Accepted: 26 April 2017; Published: 29 April 2017

Abstract: Of the circa 40 cytokines of the TGF-β superfamily, around a third are currently known to
bind to heparin and heparan sulphate. This includes TGF-β1, TGF-β2, certain bone morphogenetic
proteins (BMPs) and growth and differentiation factors (GDFs), as well as GDNF and two of its close
homologues. Experimental studies of their heparin/HS binding sites reveal a diversity of locations
around the shared cystine-knot protein fold. The activities of the TGF-β cytokines in controlling
proliferation, differentiation and survival in a range of cell types are in part regulated by a number of
specific, secreted BMP antagonist proteins. These vary in structure but seven belong to the CAN or
DAN family, which shares the TGF-β type cystine-knot domain. Other antagonists are more distant
members of the TGF-β superfamily. It is emerging that the majority, but not all, of the antagonists
are also heparin binding proteins. Any future exploitation of the TGF-β cytokines in the therapy
of chronic diseases will need to fully consider their interactions with glycosaminoglycans and the
implications of this in terms of their bioavailability and biological activity.

Keywords: heparin; heparan sulphate; TGF-β; bone morphogenetic protein (BMP); growth and
differentiation factor (GDF); GDNF; BMP antagonists; noggin; sclerostin; gremlin

1. The TGF-β Cytokine Superfamily

The vertebrate TGF-β superfamily comprises some 40 cytokines, which regulate cellular activities
encompassing proliferation, differentiation, and survival in diverse cell types (for reviews see [1–3]).
They are thus important in tissue morphogenesis and development, as well as in regulating tissue
homeostasis in the adult. Accordingly some members of the superfamily have come to the fore in the
field of regenerative medicine, such as in the maintenance and subsequent differentiation of embryonic
stem cells [1]. Moreover, aberrant signalling by TGF-β family cytokines occurs in a range of chronic
diseases including tissue fibrosis and various cancers, and thus an understanding of their roles and
modes of action is of relevance in effort to develop effective therapies for such diseases.

Within the superfamily, there are three TGF-βs [2], four activins [3], four neurotropic factors [4]
and 21 bone morphogenetic proteins (BMPs)/growth and differentiation factors (GDFs) [5]. Across the
superfamily a number of different receptors and signalling pathways are employed, but the canonical
signalling pathway is via a complex of Type I and Type II serine/threonine kinases, cell surface
receptors which activate cytoplasmic Smad transcription factors. The field of TGF-β family cytokine
signalling and receptor usage has recently been reviewed elsewhere [6].

A further superfamily feature is a commonality of structure based on a cystine knot motif
(Figure 1) Although variations occur, this typically contains within a sequence of some 110 residues,
seven cysteines, of which six form intrachain disulphide bridges with the connectivity of CyS1-CyS5,
CyS2-Cys6, and Cys3-CyS7. These covalent bridges give rise to a true knot structure, as CyS -2, -3, -6
and -7 together with neighbouring amino acids in the polypeptide chain, form an eight-membered

Molecules 2017, 22, 713 215 www.mdpi.com/journal/molecules



Molecules 2017, 22, 713

circle of covalently linked residues, through which the CyS1-CyS5 linkage passes [7]. This covalent
knot holds together a polypeptide fold in which two narrow β-strand finger loops project in near
parallel from one face of a short α-helix [8,9]. A simply analogy of this structure is that of a hand
(Figure 1A) bearing only two slightly curved fingers (the β-strand loops). The cystine knot region
provides the palm, with the α-helix comprising the heel or wrist of the hand. Many but not all of the
superfamily members exist as covalently linked dimers, held together by an interchain disulphide
bridge between the two Cys4 residues which are un-partnered within the monomeric structure. This
covalent bridge gives rise to an elongated, offset, face-to-face dimer in which the paired β-strand finger
loops of each subunit extend away from the each other at opposite ends of the structure (Figure 1B).

Figure 1. The TGF-β superfamily cystine knot fold, as typified by TGF-β1 (co-ordinates from
1KLC.pdb). Protein chains are shown in ribbon format: β-strands are blue, helices red, turns green;
cystines are shown in yellow stick format. (A) TGF-β1 monomer showing the “hand” structures, with
the cystine knot indicated by a green ellipse. (B) TGF-β1 dimer, the “wrist” of each hand is cupped in
the other subunit. The view of the dimer is rotated by 90◦ with respect to the plane of 1A. The interchain
disulphide bridge is visible in the centre of the structure.

2. Protein Antagonists of TGF-β Cytokines

The activities of a number of the TGF-β superfamily members are tightly regulated, in part
through several secreted antagonist proteins which bind certain of these cytokines with high affinity,
inhibiting cell surface receptor engagement, and thereby signalling. These antagonists include
Noggin, Twisted Gastrulation (TSG), Chordin and Chordin-like proteins, and Follistatin (FST) and
Follistatin like proteins (FSTLs). These antagonist proteins were initially recognised through their
important roles in embryonic development [10]. A further family of seven antagonists is the
Cerberus or Dan (CAN) family, which comprises Cerberus, Coco, Dan, Gremlin (also referred to
as Gremlin-1), PRDC/gremlin-2, Sclerostin and USAG-1. Remarkably, the CAN family antagonists
are also TGF-β superfamily members, by virtue of possessing the characteristic eight-membered
cystine-knot domain [7]. The non-CAN antagonists, TSG, Chordin, and Noggin, but not Follistatin,
possess more diverse variants of the cystine-knot motif within their larger structures, and therefore are
distant members of the TGF-β superfamily [11].

3. Interactions of TGF-β Cytokines with Heparin and Heparan Sulphate

It has emerged that a number of the TGF-β superfamily cytokines bind to the sulphated
polysaccharide heparin and heparan sulphate (HS) with interactions strong enough to be relevant
at physiological ionic strength and pH. This was first established in the case of TGF-β1 by
McCaffrey et al. [12]. Subsequently Lyon et al. [13] showed that heparin and highly sulphated liver HS
bind both human TGF-β1 and TGF-β2, but not TGF-β3. On this basis, they proposed a discontinuous
heparin/HS binding site based on basic residues located at the tips of the first finger loops (Figure 2A).
The heparin binding affinity data for these two TGF-βs, and other superfamily members, are presented
in Table 1.
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Table 1. Heparin-binding affinity estimates of TGF-β superfamily cytokines.

Protein Heparin Affinity Reference

TGF-β1 HAC ≥0.5 M [13]

TGF-β2 HAC ≥0.5 M [13]

BMPs/GDFs

BMP-2 SPR Kd 20 nM [14]
BMP-4 n.d. -
BMP-6 n.d. -
BMP-7 HAC 0.5 M [15]

BMP-14/GDF-5 SPR Kd 50 nM [16]
BMP-15/GDF-9 HAC ≈1.0 M [17]

Neurotrophins

GDNF HAC 0.8 M [18]
SPR Kd 23 nM [19]

Artemin HAC 23 nM [18]
SPR Kd 45 nM [19]

Neurturin HAC 1.2 M [18]
SPR Kd 115 nM [19]

Can family antagonists

Gremlin-1 HAC 0.8 M [20]
SPR Kd 20 nM [21]

Gremlin-2/PRDC HAC 0.67 M [22]
Sclerostin n.d -

Other antagonists

Noggin HAC 0.8 M [23]
Chordin HAC 1.0 M [24]

Follistatin (288 isoform) SPR Kd 1.0 M [25]

The techniques have been employed: heparin affinity chromatography, HAC, and surface plasmon resonance (SPR).
HAC employs a NaCl gradient to elute the bound cytokine, and the concentration of salt required is given. This
approach therefore investigates the ionic component of the binding interaction. For SPR, the estimated dissociation
constant is presented. In comparing estimates from the different studies, it must be borne in mind that different
laboratories will have used a variety of heparin immobilisation procedures and different batches of heparin.

 

Figure 2. Heparin binding sites on TGF-β superfamily cytokines. Protein chains are shown as in
Figure 1, and heparin binding site basic residues are shown in brown stick format. (A) The dimer of
TGF-β1 (co-ordinates from 1KLC.pdb). Residues K25, R26, K31, K37, R94 and R97 form a discontinuous
heparin binding site at the tips of the “fingers” [13]. (B) Sclerostin monomer (one of the NMR ensemble
in 2K8P.pdb) with heparin-binding residues in brown. Cystine residues are shown in yellow stick
format. Loop 3 (the second β-strand loop) and Loop 2 are both involved; residues K99, R102, R114,
R116, R119, R131, R133, K134, R136, K142, K144 and R145 form a linear heparin binding site capable
of accommodating a heparin dodecamer [26]. (C) The dimer of the CAN BMP antagonist gremlin
(co-ordinates from 5AEJ.pdb). Here, the heparin binding residues are located largely along the second
“finger”, as for sclerostin; in the dimer both copies of the heparin binding site are on the concave face.
Residues K145, K147, K148, K167, K168, K169, K174 and R177 have been identified as forming the
heparin binding site [20]. The mode of dimerisation and the location of the heparin binding site both
differ from those of TGF-β1.
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The 21 TGF-β superfamily cytokines that are designated BMPs and GDFs can be grouped into
subfamilies of between two and four members on the basis of sequence homology, and thereby
presumably recent evolutionary divergence [5]. BMP-2 and -4 comprise one such subfamily. They
possess amino terminal sequences, 13 and 15 residues in length, respectively, upstream of the first
cysteine of their knot domains which are rich in the basic amino acids, Arg and Lys. In both cases, as
previously reviewed [27], these contain heparin binding sites (see Figure 3). Mammalian BMP-2 and -4
show surprisingly high homology to the Drosophila morphogen decapentaplegic (Dpp). Dpp similarly
binds to the cell surface HS proteoglycans Dally and dally-like, which are the Drosophila orthologs of
mammalian glypicans [28].

Figure 3. N-terminal sequences of some heparin binding BMPs. The sequences are shown ending with
the first cysteine (shown in bold underlined font at the right hand side) of the knot domain. The basic
residues lysine and arginine are highlighted in bold italics, and sequence regions experimentally
implicated in heparin binding are boxed.

BMPs and GDFs of other subfamilies also bind to heparin and HS. Two highly homologous BMPs,
BMP-6 [29] and BMP-7 [15,30,31], have both been shown to bind to heparin. The binding sites within
these two BMPs are yet to be established, but their aminoterminal sequences are quite distinctive from
those of BMP-2 and -4, being nearly three times longer. GDF-9 (BMP-15) [17] and most recently GDF-5
(BMP-14) [16], each representing a further subfamily, have also been shown to bind to heparin and
HS. In neither case has the binding site been established. Predictive molecular docking calculations
have indicated that a combination of unstructured N-terminal sequences and residues in the Cys knot
region may combine to form heparin binding sites [32].

The four TGF-β superfamily neurotrophic factors are glial cell line-derived neurotrophic factor
(GDNF), artemin, persephin and neurturin. All four regulate neuronal differentiation, share high
sequence homology and signal at least in part through the cell surface tyrosine kinase Ret [33]. GDNF,
artemin and neurturin have all been shown to bind to heparin [18] and to the HS proteoglycan
syndecan-3 [19]. In the case of GDNF, the heparin binding site has been mapped to a 16-residue
sequence containing 7 Arg and Lys residues immediately N-terminal to the first cysteine of the knot
domain [18]. Although the N-terminal sequences of the other neurotrophins are considerably shorter
than that of GDNF, those of artemin and neurturin, but not persephin are also enriched in basic
residues. A notable feature of the binding of GDNF to heparin is its particular dependence on the
presence of 2-O-sulphates [34].

4. Interactions of BMP Antagonist Proteins with Heparin and HS

Amongst the CAN family of antagonists, gremlin-1, gremlin-2, PRDC and sclerostin all bind to
heparin and HS [20–22,26,35]. In each case the respective heparin binding sites lie within the cystine
knot domain and involve exposed basic amino acid sidechains within the second β-strand finger
loop [20,22,26,35]. For Dan and Cerberus, using molecular docking simulations we predicted a lack of
affinity for heparin (see supplementary data, Rider and Mulloy, 2010 [5]), and for DAN this has since
been confirmed experimentally [22]. We are unaware of any reports on the heparin/HS binding of
Coco although on secretion it is retained on cell surfaces [36], a behaviour consistent with interaction
with HS proteoglycans.

The more distantly related, non-CAN BMP antagonists are also heparin/HS binding proteins.
This is well established for Noggin, which has a heparin binding site rich in basic residues aminoterminal
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to the cystine-knot domain [23] and lying within the “wrist” region of the polypeptide fold (Figure 4).
Follistatin has been well characterised as a heparin binding protein that binds to cell surfaces through
interaction with HS [37]. The heparin binding site has been identified as the sequence rich in basic amino
acids between Lys75 and Arg6 [38]. The finding that follistatin complexed with myostatin (GDF-8) has
much higher affinity for heparin than either of the two individual protein components [25] may be
explained by the juxtaposition in the complex of the positively charged faces of myostatin and follistatin
to form a single enhanced heparin binding site [39] (Figure 5). The follistatin–activin A complex also has
enhanced affinity for heparin as measured by surface plasmon resonance, but is less stable to increased
ionic strength than the follistatin-myostatin complex [25]. On the other hand, the follistatin related
protein, follistatin-like 3, has no heparin binding site, and does not acquire heparin-binding properties
when complexed with myostatin [40]. Chordin too binds heparin and HS, but the particular binding site
involved has yet to be elucidated [24]. Thus, taken overall, current data reveal that the interaction with
HS proteoglycans seems to be an important characteristic of the majority of the various BMP antagonist
proteins. Moreover, at least in some instances, the complexes formed by BMPs and antagonists appear
to have increased affinity for heparin, compared to the uncomplexed proteins.

Figure 4. The heparin binding site of noggin in the noggin-BMP-7 complex (co-ordinates from 1M4U.pdb).
Noggin is shown as described in Figure 1, with amino acids 133–144, encompassing a cluster of eight basic
arginine and lysine residues, shown in brown CPK format; BMP-7 is shown in blue ribbon format.

 

Figure 5. (A) The myostatin (yellow ribbon)/follistatin (turquoise ribbon) complex (3HH2.pdb);
and (B) the same complex shown as a surface coloured according to interpolated charge (positive
is blue, negative is red). Though myostatin does not have a heparin binding site, basic residues on
its surface are located close to the follistatin binding site in the complex, increasing total affinity for
heparin [40].

5. Heparin/HS Binding Sites of the TGF-β Cytokines

Returning to the more typical TGF-β superfamily members possessing the eight-residue circle
cystine-knot, according to current knowledge, of the circa 40 mammalian proteins, two TGF-βs, six
BMPs/GDFs, three out of four neurotrophins, and three of the CAN antagonists are known to bind to
heparin/HS, around one third of the total number of proteins. With further study, this proportion is
likely to rise, although given the paucity of clustered basic residues in some of the protein sequences,
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heparin/HS binding would appear to be far from a universal behaviour within this superfamily.
Interestingly, within these proteins that do bind, their heparin/HS binding sites show considerable
diversity. Thus, BMP-2, BMP-4, and GDNF have binding sites immediately aminoterminal to the
cystine knot domain (Figure 3), whereas TGF-β1 and -β2 utilise the tips of their first β-strand finger
loops (Figure 2A), and the CAN antagonists bind primarily via the surfaces of their second β-strand
finger loops (Figure 2B,C). This leads to the conjecture that heparin/HS binding is a property acquired
by certain members following the considerable divergence of this superfamily which occurred with
the evolutionary emergence of the vertebrates. It would therefore appear to represent a fine-tuning
mechanism for the biological activities of such proteins. It will be interesting to see whether future
studies are able to determine whether or not each of the differing binding site locates can be associated
with a different functional outcome of heparin/HS binding.

The Norrie disease protein, norrin, is an outlier of the cystine-knot family, possessing three
β-strand loops per monomeric subunit. It activates the canonical Wnt/β-catenin pathway by binding
to the the Frizzled4 cell surface receptor and the co-receptor low-density lipoprotein receptor related
protein 5/6 (Lrp5/6). Like Wnt, it also interacts with cell surface HS proteoglycans. Mutational and
structural studies of norrin have highlighted arginines 107, 109 and 115, which are located at the tip
of the third β-strand loop as key residues in the GAG-binding site [41]. The triple substitution of
these arginines with non-basic residues abolishes signalling activity and, interestingly, such a mutation
occurs naturally, and is one causative of Norrie disease. These observations strongly implicate cell
surface HS binding as critical for the normal functioning of norrin.

6. Effect of Heparin/HS Binding on TGF-β Cytokine Activity

Given that the TGF-β superfamily cytokines are relatively small, soluble glycoproteins, binding
to HS proteoglycans of the extracellular matrix or on cell surfaces will have a major effect of restricting
their diffusion away from sites of secretion within the tissues. This is well established for Dpp, the
Drosophila homologue of BMP-2 and -4. Within the developing wing, a high concentration of Dpp
defines the anterior-posterior axis, and a large body of work has established that the glypican HS
proteoglycans dally and dally-like are not only responsible for maintaining this morphogenic gradient,
but for transporting dpp across fields of cells to generate this gradient (reviewed by Nybakken and
Perrimon [42]). Since there are close vertebrate homologues of all of the macromolecules involved
in this mechanism it is reasonable to expect that BMP morphogenetic gradients are established and
maintained by glypicans in higher organisms too.

Murine GDNF is another TGF-β cytokine for which there is clear evidence of the importance
of HS in maintaining high localised concentrations of morphogens. In the initial stages of kidney
formation, GDNF is expressed in the embryonic metanephric blastema and serves as a chemoattractant
for cells of the ureteric bud which express the GDNF receptors. Contact between cells of these two
embryonic structures results in the cellular condensation and proliferation events which lead to kidney
formation [43]. The key role of GDNF in these events is revealed by the GDNF−/− mouse, in which
there is a total absence of kidneys. Strikingly, this phenotype is recapitulated by homozygous knock-out
of the gene encoding HS 2-O-sulphotransferase [44]. Since the binding of GDNF to heparin shows
an unusually high dependence on the presence of 2-O-sulphate groups [34], these various studies
support the paradigm that in the wild-type embryonic mouse, 2-O-sulphate replete HS is responsible
for maintaining secreted GDNF within the metanephric blastema at concentrations sufficient to activate
signalling in the arriving ureteric bud cells. In the absence of 2-O-sulphated HS, inadequate GDNF
would be retained in this microenvironment. Further support for the role of HS proteoglycans in
restricting the diffusion of GDNF within the tissues arises from studies of the administration of the
recombinant cytokine into rat brain, whereupon a mutant lacking the heparin/HS binding domain
was seen to diffuse more freely than the wild type cytokine [45].

Beyond the effect of HS binding restricting the diffusion of these cytokines, there is the issue of
how binding to HS might affect their biological activities. Potentially the binding of small cytokine
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to bulky glycosaminoglycan chains might obscure their receptor binding sites, thereby inhibiting
signalling activity. Alternatively, as is well established within the fibroblast growth factor (FGF)
cytokine family, heparin and HS might serve as co-receptors, promoting signalling [46,47]. For FGF1, an
initial step by which heparin promotes signalling activity is the formation of cytokine dimers through
polypeptide-polysaccharide interactions. This dimerisation then facilitates receptor engagement [48].
Heparin-induced dimerisation is also a mechanism for promoting FGF2 signalling [49]. Since most
TGF-β cytokines exist as disulphide-bridged dimers in circulation, a dimerisation function for GAG
appears unnecessary with this superfamily. Moreover, as the locations of heparin/HS binding sites
vary from one cytokine to another within the TGF-β family (see Figure 2), it may not necessarily be the
case that GAG binding will affect TGF-β cytokine activity in a single, uniform way.

In one of the earliest studies of the effects of heparin/HS binding on BMP activity, a mutant of
BMP-2 with abrogated heparin binding was found to be more active than the wild-type cytokine in
chick limb bud assays [14]. This indicates that heparin binding is not obligatory for receptor activation,
and thus that the co-receptor role for heparin/HS observed with FGFs does not apply for BMP-2.
However the activity of wild type BMP-2 was increased by the addition of exogenous heparin [14].
Thus, interaction with extracellular matrix HS would appear to modulate the bioavailability of BMP-2.
Essentially similar outcomes have been observed in subsequent studies [31,50–53]. Similar modulation
of BMP-4 activity by heparin and HS has also been shown [54]. Of these studies, Jiao et al., have
considered that the retention of a BMP on HS close to cell surfaces will not only retain the cytokine
near its receptors facilitating signalling, but also in the vicinity of cellular internalisation mechanisms,
promoting internalisation and turnover [50]. Thus, HS binding may facilitate both BMP signalling
and turnover.

In embryonic stem cell differentiation exogenous heparin and highly sulphated HS have been
shown to restore BMP-4 signalling to enable haematopoietic differentiation in HS-deficient cells [55].
Although this may appear to be consistent with a possible co-receptor function, a further study ascribed
this effect to HS stabilising BMP-4 against degradation [56]. This indicates that the influence of HS
on BMP signalling may well be dependent on cellular context. With BMP-7, biological activity in
inhibiting cell proliferation in the subventricular zone of adult brain, a major site of neurogenesis, is
also dependent on the presence of cell surface HS [57].

Beyond the BMPs, removal of heparin/HS binding for GDNF has no apparent effect on its receptor
binding and cellular activity [18]. However the in vivo neuroprotective activity of GDNF in a rat model
of Parkinson’s disease of recombinant GDNF carrying this deletion was reduced compared to the
wild-type protein, probably due to its lower retention at the site of administration [46] as previously
mentioned. Overall, these studies show some similarity in the role of heparin and HS in BMP and
GDNF signalling and bioavailability.

However, a major complication in attempting to assess the role of HS in BMP signalling within the
tissues is the presence of the various BMP antagonist proteins, a high proportion of which themselves
bind with high affinity to heparin and HS. Investigations in this area overall remain limited, but
several instances provide some insight. Thus, as referred to above, the crystal structure of the follistatin
isoform 288 complexed with myostatin (GDF-8) reveals a continuous electropositive surface generated
at the interface between the two proteins. This accounts for the higher heparin binding affinity of
the complex compared to the free follistatin [40,58]. Since there is no observation of the binding of
myostatin to heparin/HS, binding to follistatin 288 would appear to be a mechanism for tethering
the cytokine to cell surface HS. The antagonist Noggin, by binding to cell surface HS proteoglycans,
is thought to reduce the diffusion of BMP-4 [23] thereby establishing morphogenetic gradients in
the embryo. Interestingly, a mutation within the heparin binding site of Noggin which reduces its
affinity underlies the congenital disorders of proximal subphalagism and conductive hearing loss [59],
strongly implicating heparin-binding in the functioning of Noggin during development.

The high resolution crystal structure of gremlin-2 complexed with GDF-5 [60] shows a very
different orientation of the two proteins in the complex compared to the noggin-BMP-7 structure
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(Figure 4). In the former, the gremlin dimers are perpendicular to, and at the tips of the GDF-5
dimers, potentially allowing for the assembly of large repeat alternating “daisy chain” complexes of
the two proteins, and formation of such multimers has been demonstrated in vitro [60]. Modelling the
gremlin-2/BMP-2 complex on the gremlin-2/GDF-5 structure shows a large continuous basic surface
patch at the interface of the antagonist and cytokine which may explain why the complex binds to
heparin with higher affinity than either protein partner alone [22]. On the basis of these data, it may
be suggested that HS chains in the tissues would promote the assembly of large gremlin-2/cytokine
complexes with repeating heparin/HS binding sites would give rise to stable depots of the two proteins
in the extracellular matrix and on cell surfaces close to their sites of secretion.

7. Heparin/HS Binding in the Therapeutic Applications of TGF-β Superfamily Cytokines

There has been widespread interest in exploiting the cellular regulatory activities of TGF-β
cytokines in the therapy of a range of chronic diseases. A prominent instance of this is the clinical
use of recombinant BMP-infused cements for non-unionising bone fractures and in the fusing of
spinal vertebrae. Several groups are investigating whether the incorporation of heparin or HS into
such biomaterials might provide for better bone growth outcomes by improving the bioavailability of
BMP-2 through its slow release [61–63]. Heparin coatings for the titanium surfaces of skeletal implants
are also under active consideration for the same reason [64]. Another area of interest is the potential
therapeutic use of GDNF and related neurotrophins as neuroprotective and neuroregenerative agents
in nervous system disease or injury. Although administration of recombinant GDNF has proved
highly effective in rodent models of Parkinson’s disease, a large clinical trial proved unsuccessful [65].
One major issue here is likely to be inadequate delivery of GDNF throughout the larger structures
of human brain. This being the case, neurotrophin binding to HS may be disadvantageous in this
application. Indeed, recently a variant of neurturin with reduced affinity for HS was found to diffuse
further through brain and to be effective in regenerating dopaminergic nerve fibres a rat model of
Parkinson’s disease than GDNF [66]. In conclusion, where a TGF-β family cytokine binds heparin/HS,
this property will be an important consideration in any potential therapeutic applications.
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Abstract: Pharmacologic efforts to improve outcomes following aneurysmal subarachnoid
hemorrhage (aSAH) remain disappointing, likely owing to the complex nature of post-hemorrhage
brain injury. Previous work suggests that heparin, due to the multimodal nature of its actions,
reduces the incidence of clinical vasospasm and delayed cerebral ischemia that accompany the
disease. This narrative review examines how heparin may mitigate the non-vasospastic pathological
aspects of aSAH, particularly those related to neuroinflammation. Following a brief review of
early brain injury in aSAH and heparin’s general pharmacology, we discuss potential mechanistic
roles of heparin therapy in treating post-aSAH inflammatory injury. These roles include reducing
ischemia-reperfusion injury, preventing leukocyte extravasation, modulating phagocyte activation,
countering oxidative stress, and correcting blood-brain barrier dysfunction. Following a discussion of
evidence to support these mechanistic roles, we provide a brief discussion of potential complications
of heparin usage in aSAH. Our review suggests that heparin’s use in aSAH is not only safe, but
effectively addresses a number of pathologies initiated by aSAH.

Keywords: heparin; enoxaparin; subarachnoid hemorrhage; edema; brain injury; inflammation

1. Introduction

Despite decades of research, aneurysmal subarachnoid hemorrhage (aSAH) significantly
compromises quality of life in those patients who survive their initial hemorrhage. Half of all surviving
patients demonstrate some significant deficit of language, memory, or executive function [1–4], with
only a third of survivors ultimately returning to work [5]. Consistent with these clinical findings,
radiographic evaluation of survivors of aSAH demonstrates significant degrees of brain atrophy and
other signs of global brain injury [6,7]. Although infarction due to vasospasm undoubtedly explains
the acquisition of new focal deficits following aSAH, vasospasm-centered theories do not compellingly
account for this global brain injury, especially given that effective pharmacologic prevention of
vasospasm fails to improve outcomes following aSAH [8].

Modern understandings of post-SAH brain injury recognize the importance of other
pathophysiological processes [9,10] emphasizing inflammation in particular as a central component of
post-SAH brain injury [11]. SAH generates a wide variety of hemoglobin breakdown products capable
of wide dissemination via the CSF, leading to global inflammation via activation of receptors such as
toll-like receptor 4 [12,13], attraction of inflammatory phagocytes [14], and creation of a pro-oxidative
environment via depletion of anti-oxidants [15]. Several clinical studies link this systemic inflammatory
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response to brain injury and poor outcome following aSAH [7,16–19]. Therefore, mitigating this
inflammatory response presents an attractive therapeutic approach to improving outcomes following
aSAH. Although specific inhibition of pro-inflammatory regulators, such as cytokines, represents
a valid therapeutic strategy [20], aSAH activates multiple inflammatory pathways, suggesting that
blockade of any single upstream inflammatory initiator may not adequately curb the downstream
inflammatory response.

Multiple lines of clinical and pre-clinical evidence suggest that the endogenous anti-coagulant
heparin effectively reduces inflammation and improves outcomes following aSAH [21–24]. Perhaps
because of its clinical use as an anti-coagulant and its widely studied interactions with the coagulation
cascade, clinicians remain relatively ignorant heparin’s promiscuous interaction with a number of
biological processes, especially those involved with inflammation. Although this absence of specificity
typically hinders the application of drugs like heparin as therapeutic agents, these pleiotropic effects
may prove advantageous in the complex inflammatory milieu accompanying aSAH. This review
seeks to summarize the potential benefits of heparin therapy in the context of aSAH, with a particular
emphasis on its anti-inflammatory properties.

2. Early Brain Injury, Inflammation, and Blood-Brain Barrier Failure in Aneurysmal
Subarachnoid Hemorrhage

Aneurysm rupture initiates two separate pathologic events that contribute to global brain injury.
The initial rupture rapidly raises intracranial pressure, leading to cerebral hypoperfusion, possible
cerebral circulatory arrest, and global brain injury analogous to that of cardiac arrest [25]. The second
occurs gradually in the days following hemorrhage as the subarachnoid blood clot breaks down,
releasing a variety of hemoglobin and coagulation by-products into the CSF, where they undergo
global distribution. Although these events negatively affect nearly every aspect of the CNS, they have a
number of specific consequences for the brain, of which vasospasm represents only a single component.

SAH induces a significant degree of CNS inflammation, both from activation of the brain’s
endogenous microglia as well as influx of circulating leukocytes [26–30]. Inflammatory activation of
these cells has a number of deleterious effects. Activated microglia mediate the significant neuronal
apoptosis observed following experimental SAH [26]. Brain invasion by circulating neutrophils
induces microvascular dysfunction [31], endothelial injury [32], and memory deficits via NMDA
receptor dysfunction [29]. Perivascular invasion by leukocytes plays a role in vasospasm, as blockade
of invasion via monoclonal antibody prevents vasospasm in both rabbits [33] and monkeys [34].
Generation of reactive species such as peroxynitrite via phagocyte-derived inducible nitric oxide
synthase contributes to oxidative brain injury following aSAH [35]. This inflammatory state following
aSAH mediates brain injury over several weeks [36]. Despite its clear role in brain injury following
aSAH, this inflammatory response is not entirely detrimental. Both endogenous and circulating
phagocytes mediate hemoglobin clearance following hemorrhage [37,38]. Activated microglia and their
inflammatory cytokines also promote neurogenesis in non-aSAH models via activation of the brain’s
stem cell compartment [39,40], a relevant finding given evidence of increased neurogenesis following
human aSAH [41]. However, despite these potentially beneficial effects, the excess inflammation that
follows aSAH causes more harm than benefit, especially in the early post-ictal period.

Besides directly modulating the CNS microenvironment, aSAH induces failure of the blood brain
barrier with consequent vasogenic edema formation. Diverse mechanisms underlie this phenomenon,
as ischemia-hypoperfusion injury and hemorrhagic products within the subarachnoid space both
contribute to blood-brain barrier (BBB) dysfunction following aSAH [42–44]. Besides brain swelling
due to vasogenic edema [45], BBB dysfunction contributes to several other pathologic processes.
Perfusion studies in patients with delayed cerebral ischemia following aSAH demonstrate abnormal
permeability of the BBB prior to actual infarction [46]. Experimental studies link the loss of white
matter integrity to BBB disruption following SAH [47]. Finally, the BBB represents a crucial gateway
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for inflammatory cell infiltration of the brain [48]; loss of barrier integrity could augment this already
significant neuroinflammatory response to aSAH.

3. Heparin—Physiologic and Pharmacologic Roles

The heparins refer to a class of endogenous glycosaminoglycans originally isolated from canine
liver cells during investigations of endogenous coagulants (hence, the Greek root hepar meaning
“liver”) [49]. Heparin molecules consist of linear polymeric chains of heavily sulfated polysaccharide
chains. This high degree of sulfation imparts the highest negative charge density of any known
biological macromolecule, allowing heparin to interact with a large number of proteins [50]. Given
its context of discovery as well as its utility as an anticoagulant, traditional understandings of
heparin’s pharmacologic actions situate it within the clotting cascade. Within this understanding,
heparin’s primary role is to bind antithrombin III, inducing an allosteric activation of the latter that
allows antithrombin III to inhibit the clotting Factor Xa, a phenomenon relatively independent of
the size of the heparin molecule [51]. By virtue of heparin’s large size and high negative charge, the
heparin-antithrombin III complex may also bind thrombin and inactivate thrombin, although this action
crucially depends on sufficient chain length to bind both antithrombin III and thrombin. Low molecular
weight heparins exploit this latter property to inhibit Factor Xa without appreciable anti-thrombin
activity. Of note, the anti-coagulant properties of heparin depend on its negative charge to allow for
both thrombin binding and allosteric activation of antithrombin III; stripping heparin molecules of
their negatively charged sulfate moieties reduces heparin’s function as an anticoagulant [52].

Despite the prominence of anti-coagulation in heparin’s clinical applications, several lines of
evidence suggest that anti-coagulation is not heparin’s primary physiologic role. Despite its initial
discovery in mammals, heparin-like molecules exist in a wide variety of species lacking a formal
hematologic system, including arthropods and echinoderms [53]. Furthermore, within mammals, mast
cells and basophils represent the most abundant histologic source of heparin [54]; the importance
of these cells in allergic and anti-helminthic response would seem to situate heparin within the
broader schema of type 2 immune responses [55]. Finally, besides well-characterized interactions
with antithrombin III, heparin promiscuously interacts with a variety of inflammatory proteins and
chemokines [56]. While heparin’s anticoagulant properties undoubtedly play a role in inflammatory
physiology, a simple understanding of heparin as anticoagulant neglects heparin’s broader role as a
modulator of inflammatory function.

Heparin and its derivative molecules possess significant anti-inflammatory activity [57]. Heparin
and heparinoids exert their anti-inflammatory effects through a wide variety of mechanisms. At the
level of signal transduction, they reduce LPS-induced nuclear translocation of NF-κβ and the
associated inflammatory response both in vitro and in vivo, although mechanistic explanations of this
phenomenon are lacking [58,59]. Heparin molecules bind and inhibit cellular adhesion molecules
such as the selectins [60,61], thereby preventing lymphocyte homing and extravasation. Heparin
binds with high affinity to a number of inflammatory cytokines including IL-12 [62] and IL-2 [63],
potentially sequestering them. Heparin prevents activation of the effector cells of inflammation, such
as neutrophils and macrophages [64,65]. Finally, heparin directly inhibits molecular mediators of
inflammation, such as elastase [66] and major basic protein [67]. Compellingly, the anti-inflammatory
actions of heparin may be independent of its anti-coagulant activity [68]. Given its potent role as an
anti-inflammatory agent, several clinical trials have evaluated heparin and its derivatives in diseases
of inappropriate inflammation, including sepsis [69,70], and asthma [71].

Heparin’s main clinical roles in the management of aSAH, prevention of VTE and systemic
heparinization during endovascular treatment of aneurysms, exploit its anticoagulant properties.
However, the broader role of heparin outside the coagulation cascade argues for a broader utility in
aneurysmal SAH. Several clinical studies already suggest that heparin and its low molecular weight
derivative enoxaparin reduce the incidence of clinical vasospasm and delayed cerebral infarction
following aneurysmal SAH [21,24,72], although the literature is not entirely consistent in this result [73];
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a previous review already discussed the role of heparin in the prevention of delayed cerebral ischemia
following aneurysmal SAH [74]. Beyond vasospasm, however, heparin may improve outcomes in
aSAH by preventing inflammation and restoring blood-brain barrier integrity. Given the increasing
recognition of inflammation, edema, and blood-brain barrier dysfunction as mediators of poor outcome
following aSAH, these extravascular effects of heparin represent an even more important aspect of its
therapeutic efficacy than the prevention of vasospasm.

4. Heparin in Post-SAH Brain Injury

4.1. Ischemia-Reperfusion Injury

A hallmark of aneurysm rupture is a transient period of hypoperfusion or even frank intracranial
circulatory arrest secondary to the acute rise in intracranial pressure at ictus. Although other factors,
such as CSF dissemination of blood products, undoubtedly play a role in secondary brain injury,
the ischemia-reperfusion injury at ictus is arguably the predominant injury following aSAH, as its
clinical correlate, loss of consciousness at ictus, remains one of the best predictors of outcome
following aSAH [75,76]. Multiple studies demonstrate the efficacy of heparin and its derivatives
in ischemia-reperfusion injury. Several studies in rats demonstrate reduced infarct volume following
heparin and heparin-derivative administration following transient cerebral arterial occlusion [77–81].
Both the efficacy of non-anticoagulating 2,3-O-desulfated heparin derivative in vivo [79] as well as the
neuroprotection low molecular weight heparin affords against ischemia-reperfusion injury in vitro [82]
suggest that heparin and its derivatives exert these effects independently of their actions on the
coagulation cascade. Proposed modes of action include neutralization of oxidative species [83] and
inhibition of neuronal apoptosis [84], although neither of these studies provide definitive evidence of
these modes of action.

4.2. Leukocyte Extravasation

Mobilization of leukocytes from the periphery into inflamed tissue (leukocyte extravasation) is
a crucial component of inflammation generally and post-SAH neuroinflammation specifically [85].
Administration of low dose heparin following experimental SAH reduces the number of inflammatory
cells within the CNS [22]. Although studies of heparin in SAH do not address leukocyte extravasation
explicitly, several animal models of neuroinflammatory injury suggest that heparins directly inhibit
this process. Administration of unfractionated heparin following murine TBI reduces leukocyte
extravasation as demonstrated by in vivo microscopy [86]. Administration of low molecular weight
heparin yields similar results [87]. Compellingly, an in vivo microscopy study of experimental
meningitis also demonstrates a reduction in leukocyte extravasation with heparin administration,
a phenomenon attributable to both a reduction in leukocyte sticking and leukocyte rolling to the
endothelium [88]. These findings of reduced leukocyte adhesion and leukocyte extravasation following
heparin administration in disparate neuroinflammatory conditions suggests a common mechanism of
action. Although the movement of leukocytes from the vascular to the parenchymal compartment
is a complex process, adhesion of leukocytes to the vessel wall critically depends on interactions
between cell surface glycoproteins and selectins, surface lectins expressed by both leukocytes
(L-selectin) and endothelial cells (E-selectin) [89]. Given current knowledge of heparin’s effects on
endothelium-leukocyte interactions, inhibition of leukocyte expressed selectin [90] provides a plausible
candidate mechanism to explain its effects on leukocyte extravasation. Several studies demonstrate that
heparin-mediated inhibition of selectins occurs independently of anti-coagulation [60,91]. Consistent
with these observations, studies of heparin in experimental TBI [86] note equivalent efficacy of low,
non-anticoagulating heparin doses compared to higher doses with regard to leukocyte extravasation.
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4.3. Inflammatory Activation

Although heparin’s effects on leukocyte extravasation mediate some aspects of its
anti-inflammatory processes, heparin may also reduce injury by modulating inflammatory cell
activation. A key effector mechanism in the pathological neuroinflammatory response following SAH is
phagocyte activation, resulting in production of direct mediators of pathology such as peroxynitrite [35]
and matrix metalloproteinase-9 [47]. Given that heparin’s effects on leukocyte extravasation do not
readily account for the reduction in endogenous microglial activation observed with heparinization
following SAH [22], heparin’s effects on activation of inflammatory cells appear relevant to SAH.
Given heparin’s wide array of interactions with inflammatory mediators, no single mechanism of
heparin induced immunoquiescence likely accounts for its full pleiotropic effects. Nevertheless, several
interesting candidate mechanisms bear further discussion.

The receptor for advanced glycation end-products (RAGE) expressed on phagocytes mediates
a number of inflammatory effects via activation of NF-κB [92]; SAH induces RAGE expression
throughout the cortex by both neurons and microglia [93]. Furthermore, SAH induces the expression
and release of a number of RAGE ligands, including HMGB1 [93–98] and S100B [99–102], within
the CNS. Consistent with its inflammatory role, inhibition of RAGE signaling reduces inflammation
and improves functional outcomes following experimental SAH [103–105]. Heparins, including low
molecular weight heparins and non-anticoagulating derivatives such as 2,3-O-desulfated heparin,
inhibit interactions between RAGE and its ligands with a high degree of specificity [65,106–110].
Although not well studied in SAH, pharmacologic blockade of HMGB1 duplicates some of the
beneficial effects of enoxaparin following experimental TBI, including reduction of leukocyte
extravasation, suggesting that heparin mediates some of its effects via modulating RAGE’s interactions
with its ligands [111]. Blockade of RAGE inhibition may account for some of heparin’s effects on
inflammatory cell activation.

Another potential mechanism of inflammatory modulation focuses on macrophage polarization.
Although overly simplistic, macrophages and microglia roughly partition into two distinct
phenotypes [112]. The M1 phenotype promotes anti-cellular immune responses important to viral
and tumor defense. Consistent with this function, M1 phagocytes mediate a variety of biological
effects relevant to post-SAH brain injury including peroxynitrite production via upregulation of
inducible nitric oxide synthase and production of inflammatory cytokines including IL-1β, processes
that contribute to early brain injury following SAH [35,113]. M2 phagocytes, in contrast, have
opposite effects, reducing nitric oxide via arginine consumption and producing anti-inflammatory
cytokines. Modulation of phagocyte polarization from a M1 to a M2 phenotype appears protective
in SAH [114]. As mentioned previously, mast cells and basophils are the predominant sources of
physiologic heparin [115]. This association strongly suggests that heparin plays a role in allergic and
anti-helminthic responses. A common murine marker of M2 phenotype, the Ym1 receptor appears
necessary for generation of a Type II immune response [116,117]. Compellingly, heparin appears to
be a physiologic ligand of Ym1 [118]. Although direct evaluations of heparin’s physiologic effects
on phagocyte polarization are lacking, a study of oral enoxaparin in experimental ulcerative colitis
demonstrates modulation of colonic macrophages from an M1 to an M2 phenotype with enoxaparin
administration [119], a finding consistent with this hypothesized physiologic role. Further studies are
required, however, to establish whether heparin modulates phagocyte polarization in aSAH.

4.4. Oxidative Stress

Production of reactive oxidative species (ROS) by activated phagocytes mediates significant injury
following SAH [35]. Strategies to reduce oxidative stress following experimental SAH demonstrate
numerous beneficial effects [120–123]. Heparin demonstrates a number of anti-oxidant effects.
Extracellular superoxide dismutase (EC-SOD), a powerful anti-oxidant enzyme, demonstrates specific
heparin binding [124,125]. From a physiologic standpoint, binding of EC-SOD to cell surface heparan
sulfate sequesters EC-SOD to the cell surface, as mutations in the heparin-binding domain of SOD or
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administration of IV heparin results in release of EC-SOD into circulating fluids [126,127]. Aside from
increasing circulating levels of EC-SOD, heparin also appears to induce its synthesis [128]. This release
of EC-SOD into circulating fluids increases its activity, as heparin administration into the CSF of rabbits
overexpressing EC-SOD results in a 27-fold increase in SOD activity within the CSF [129]. Although
not studied in subarachnoid hemorrhage, systemic administration of enoxaparin enhances brain SOD
activity in experimental cerebral ischemia-reperfusion injury [83], confirming the relevance of this
phenomenon to intracranial pathology. Thioredoxin reductase, another enzyme thought protective in
oxidative brain injury [130,131], also demonstrates high affinity binding to heparin [132], although the
significance of this interaction is unclear. Several in vitro studies demonstrate direct antioxidant actions
of the heparin molecule itself independent of any associated co-enzyme [133,134]. Taken together,
these findings suggest that heparin may ameliorate the oxidative injury generated following aSAH.

4.5. Blood-Brain Barrier Dysfunction and Vasogenic Edema

Edema formation following SAH portends a poor prognosis [42]. Blood-brain barrier dysfunction
and its associated vasogenic edema therefore present highly plausible therapeutic targets in aSAH.
Multiple lines of evidence, in both aSAH and other injuries, suggest that heparin reduces blood-brain
barrier dysfunction and its associated vasogenic edema. In a murine endovascular perforation model
of SAH, pretreatment with low dose heparin reduced edema formation at 24 h following injury, with
improved early behavioral outcome [23]. Heparin administration in other forms of experimental
brain injury reduces blood-brain barrier dysfunction and edema formation in models as diverse as
TBI [86,87,111,135], ischemic stroke [78,136], intracerebral hemorrhage [137,138], and meningitis [88].
A human study of TBI patients corroborates these findings, demonstrating more rapid resolution of
pathologic CT imaging features, especially edema, with early enoxaparin administration [139].

Given the intimate association between inflammation and edema, heparin’s anti-edema effects
most likely derive from its anti-inflammatory properties. However, heparin demonstrates significant
interaction with two molecules relevant to edema formation following aSAH, vascular endothelial
growth factor (VEGF) and bradykinin (BK) [42]. VEGF, an angiogenic protein initially identified as
a vascular permeability factor, binds heparin [140]. The effects of heparin on VEGF-endothelial cell
interactions are complex. At low concentrations, heparin appears to enhance binding of VEGF to its
receptor; however, at progressively higher concentrations heparin inhibits VEGF binding [141]. This
inhibitory effect is sensitive to both the sulfation [141] and the size of heparin molecules employed [142].
Given the role of VEGF in SAH-mediated edema specifically and brain edema generally, heparin
inhibition of VEGF presents a plausible albeit uninvestigated mode of edema reduction. Like VEGF,
the interactions between heparin and bradykinin appear complex. While mast cell-derived heparin
is crucial to both bradykinin formation and vascular permeability in allergic conditions [143], other
studies suggest that intravenous heparin inhibits bradykinin induced vascular permeability [144].
Furthermore, bradykinin-mediated edema in aSAH occurs very early following hemorrhage [145].
Taken together, these findings suggests that heparin’s interactions with bradykinin may not be relevant
to its effects on edema.

5. Complications of Heparin Therapy in aSAH

5.1. Heparin Induced Thrombocytopenia (HIT)

Heparin-induced thrombocytopenia is arguably the most feared heparin related complication.
An autoimmune phenomenon, HIT results from antibody formation to the heparin-platelet factor 4
complex, resulting in both platelet depletion and a paradoxical pro-thrombotic state with significant
risk of both arterial and venous thromboembolic complications [146]. Although studies suggest that 3
to 5 percent of patients undergoing intravenous unfractionated heparin will develop HIT, the incidence
of symptomatic HIT following SAH may be much higher, with a reported incidence between 5% and
15% [147,148]. Although general studies associate LMWH with a reduced risk of symptomatic HIT,
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the one comparison available to date finds no difference in rates of HIT between LMWH and UFH
in SA [148]. Despite its associated thrombocytopenia, ischemic complications represent a particular
concern with symptomatic HIT. Several large series identify increased risk of stroke, death, and poor
outcome in SAH patients with HIT [147,149]. Risk factors identified for HIT in a multivariate analysis
of patients with aSAH included female gender, clip treatment of aneurysm, and greater number
of vasospasm treatments [149]. This last association may reflect either increased risk of HIT due
to use of catheter heparinization in the treatment of vasospasm or, alternatively, an increased risk
of cerebral ischemia due to a HIT-induced pro-thrombotic state. In our own reported series of low
dose infusion for aneurysmal SAH, none of the forty-three treated patients developed symptomatic
HIT [21], despite use of clip treatment and prolonged (fourteen day) heparin exposure. This lower than
expected incidence could reflect the use of a low dose (12 U/kg/h), reduced auto-antibody production
due to heparin’s anti-inflammatory properties, a reduced incidence of vasospasm, or an inadequate
number of subjects to assess HIT in this population. Since publication of this initial experience,
two incidences of symptomatic HIT (2/150 patients) have developed in patients undergoing low
dose heparin infusion, requiring cessation of their heparin infusion. Both patients required multiple
interventions for vasospasm, with one experiencing a good recovery; the other died secondary to
cerebral infarction. Although the low incidence of HIT in this population and excellent preliminary
results of patients treated with low dose heparin outweigh this low risk of HIT, the apparently increased
risk of cerebral ischemia from HIT in aSAH mandates vigilant screening for this condition.

5.2. Hemorrhagic Complications

Aside from HIT, fear of bleeding forms the other principal concern with heparin administration
following aSAH. Patients with aSAH experience increased brain hemorrhage risk due to a variety
of circumstances: aneurysm re-rupture prior to definitive treatment, periprocedural bleeding from
surgery or a ventriculostomy, or hemorrhage into infarcted brain tissue. Although some experiences
with systemic heparinization during endovascular treatment of ruptured aneurysms suggests that this
practice does not increase the risk of hemorrhage or aneurysm re-bleeding [150,151], others suggest
a significant risk of brain hemorrhage with this practice [152]. Ventriculostomy (EVD) placement
followed by systemic heparinization for aSAH appears to be relatively safe, with multiple studies
finding a low risk of significant EVD hemorrhage with systemic heparinization [151,153,154]. However,
heparinization does appear to increase the risk of minor EVD hemorrhage [154]. In most reports of
heparin or its derivatives as a therapeutic modality for vasospasm, hemorrhagic complications are
either rare or non-existent [21,24,72], although one study noted an increased risk of non-significant
bleeding in patients receiving enoxaparin compared to controls [73]. This low reported risk of
hemorrhage is especially striking given the early (less than 12 h) post-operative initiation of heparin
in at least one of these studies study [21]. The relatively low rate of hemorrhagic complications in
these therapeutic studies of heparin most likely derive from a combination of low, non-anticoagulating
doses of heparin as well as the relative safety of heparin use even following procedural interventions.
Thus, the available evidence generally does not support the fears of hemorrhagic complications with
heparinization following aneurysmal SAH.

6. Heparin Derivatives

Although unfractionated heparin is perhaps the best studied member of the heparin family in
the context of aSAH, its theoretical associated risk of hemorrhagic complications might preclude
its use in certain patients, such as those with difficult to secure aneurysms. However, as briefly
discussed earlier, heparin’s interactions with other molecular partners depends crucially on both the
size and sulfation of the heparin molecule; modification of either of these parameters has significant
effects on heparin’s pharmacologic effects. As previously discussed, the unfractionated heparin used
clinically consists of polysaccharide polymers of significantly variable length. Cleavage of these
polymers using either chemical or enzymatic digestion yields the low-molecular weight heparins.
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Low molecular weight heparins such as enoxaparin provide several advantages over standard
unfractionated heparin, including more predictable clinical dosing and relatively specific anti-factor
Xa activity [51]. Aside from digestion of unfractionated heparin, chemical synthesis of heparin’s
anti-thrombin binding pentasaccharide motif yields fondaparinux, a potent anti-coagulant with highly
specific inhibition of factor Xa without significant risk of heparin induced thrombocytopenia [155].
Aside from modification of polymer length, several other strategies change heparin’s pharmacological
effects via chemical modification. Due to its high degree of sulfation, heparin possesses a significant
high negative charge density, allowing for ionic interactions with a wide variety of molecular partners,
including anti-thrombin III. Chemical desulfation reduces heparin’s anticoagulant properties while
retaining its interactions with other molecular pathways. 2,3-O-desulfated heparin, prepared via
cold alkaline hydrolysis of native heparin, demonstrates markedly reduced anti-thrombin III binding
with a concurrent reduction in anti-coagulant activity while still retaining native heparin’s desirable
anti-inflammatory effects such as selectin binding, RAGE blockade, and protease inhibition [108].
Replacement of the N-sulfate group with an acetyl side chain similarly reduces anticoagulant
activity without compromising anti-inflammatory and anti-protease effects [156,157]. Although
6-O-desulfated heparin demonstrates reduced anti-coagulant activity with retained blockade of
inflammatory receptors such as RAGE, loss of the 6-O-sulfate moiety also results in decreased selectin
inhibition with compromised anti-inflammatory activity [158]. Finally, periodate cleavage of the 2,3
vicinal diols in uronate residues yield so-called glycol-split heparins, a class of heparin with reduced
anticoagulant activity despite retained sulfate moieties. These glycol-split heparins demonstrate
reduced anticoagulant activity while retaining useful features of native heparin, such as elastase
inhibition and cytokine binding [157]. Although a full review of chemically modified heparinoids lies
well-beyond the scope of this article, several of these molecules, especially 2,3-O-desulfated heparin,
demonstrate a desirable blend of anti-inflammatory features with reduced anti-coagulant activity that
might prove useful in aneurysmal SAH. Figure 1 depicts a summary of these modified heparin species
along with salient characteristics.

Figure 1. Summary of heparin chemical derivatives. Chemical modification of unfractionated heparin
modulates its pharmacology. Although all derivatives discussed demonstrate reduced anticoagulant
activity, chemical modification also affects heparin’s other pharmacologic properties in a regiospecific
manner. 2,3-O-desulfated heparin demonstrates nearly retained selecting and RAGE inhibition;
6-O-desulfated heparin, despite numerous sulfated residues, fails to bind selectins and does not
demonstrate significant anti-inflammatory effects in vivo. Although less well studied in inflammation,
N-acetyl heparin does demonstrate evidence of efficacy in ischemia-reperfusion (I/R) injury despite
reduced anticoagulant activity. Finally, glycol split heparin retains the ability to inhibit proteases such
as elastase despite reduced anti-coagulant activity.
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7. Conclusions

Given the complexity of brain injury following aneurysmal subarachnoid hemorrhage, no single
therapeutic modality is likely to address all aspects relevant to its treatment. Given the multimodal
nature of heparin’s interactions with mediators of post-SAH brain injury, as summarized in the
accompanying figure (Figure 2), heparin and heparin derivatives may form a significantly better class
of therapeutic for aSAH than more well-defined pharmacologic agents. Although initial clinical and
experimental work suggests the efficacy of heparin in aSAH, these studies are relatively preliminary,
with further clinical work required to confirm the utility of heparin. Furthermore, the absence of clear
mechanistic insight into heparin’s therapeutic effects mandates further experimental work, as a better
understanding of heparin’s mechanism of action could lead to improved and safer heparin derivatives.
Nevertheless, heparin for aSAH represents a promising way forward in a disease much in need of
effective therapy.

Figure 2. Summary of heparin’s modes of action. Several confluent processes combine to injure the
brain including extravasation of circulating cells into the brain parenchyma, activation of microglia,
production of harmful molecules and cytokines by activated phagocytes, and blood-brain barrier
breakdown with subsequent vasogenic edema formation. Heparin antagonizes these processes, with
heparin’s mechanisms of action indicated in the white boxes.
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Abstract: Resistance formation of tumors against chemotherapeutics is the major obstacle in clinical
cancer therapy. Although low molecular weight heparin (LMWH) is an important component in
oncology referring to guideline-based antithrombotic prophylaxis of tumor patients, a potential
interference of LMWH with chemoresistance is unknown. We have recently shown that LMWH
reverses the cisplatin resistance of A2780cis human ovarian cancer cells in vitro. Here we address the
question whether this LMWH effect is also valid under in vivo conditions. Therefore, we established
tumor xenografts of A2780 and cisplatin resistant A2780cis cells in nude mice and investigated the
impact of daily tinzaparin applications (10 mg/kg BW) on anti-tumor activity of cisplatin (6 mg/kg
BW, weekly) considering the tumor growth kinetics. Intratumoral platinum accumulation was
detected by GF-AAS. Xenografts of A2780 and A2780cis cells strongly differed in cisplatin sensitivity.
As an overall consideration, tinzaparin co-treatment affected the response to cisplatin of A2780cis,
but not A2780 tumors in the later experimental time range. A subgroup analysis confirmed that
initially smaller A2780cis tumors benefit from tinzaparin, but also small A2780 xenografts. Tinzaparin
did not affect cisplatin accumulation in A2780cis xenografts, but strongly increased the platinum
content in A2780, obviously related to morphological differences in both xenografts. Although we
cannot directly confirm a return of A2780cis cisplatin resistance by tinzaparin, as shown in vitro, the
present findings give reason to discuss heparin effects on cytostatic drug efficiency for small tumors
and warrants further investigation.

Keywords: cisplatin; low molecular weight heparin (LMWH); ovarian cancer; resistance

1. Introduction

Cancer-associated thrombosis is an important mortality factor in malignant tumor diseases [1].
Therefore, antithrombotic prophylaxis or treatment is a common component in the therapeutic regimes
of patients with malignancies. Based on the current clinical guidelines for antithrombotic treatment
of cancer patients, low molecular weight heparin (LMWH) is the drug of choice [2,3]. Consequently,
tremendous amounts of clinical data exist concerning the clinical treatment of cancer patients with
LMWH. The retrospective analysis of those clinical data implies that anticoagulation by LMWH
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could possess a survival benefit for certain cancer patients, which probably goes beyond solely an
antithrombotic efficiency [4]. This postulate has been addressed by a high number of preclinical
investigations during the last two decades to figure out the potential mode of action. LMWH was
shown to affect the metastatic capacities of various carcinomas by interfering with different functional
axes, such as cell adhesion [5], migration [6], chemokine and growth factor signaling [7] or the
enzymatic activity of heparanase [8].

However, little is known whether and how LMWH affects the classical chemotherapeutic treatment of
cancer. One can presume that attenuation of thrombosis formation close to the solid tumors increases
the accessibility for chemotherapeutics and decreases the interstitial pressure, both leading to higher
drug efficiency. A number of studies refer to those mechanisms and display a therapeutic effect for the
combination of LMWH and chemotherapy [9–11]. A retrospective consideration of the combination
of LMWH with chemotherapy in patients with small cell lung cancer suggest a protective effect of
heparin [12].

Nevertheless, acquired tumor cell resistance against single or series of chemotherapeutics is
the major obstacle in clinical treatment of cancer, such as ovarian carcinomas [13]. The molecular
mechanisms of those chemoresistance phenomena are manifold and often less understood. Cisplatin,
the standard drug for clinical treatment of ovarian cancer and several other tumor entities is also
often restricted in its efficiency by resistance formation of tumors [14]. Consequently, chemoresistance
appears as attractive target to overcome restrictions in chemotherapeutic treatment. However, findings
for a potential interference of heparin application and chemoresistance are hardly known [15].

We have recently shown that cisplatin-resistant A2780cis ovarian cancer cells were “resensitized”
for cisplatin cytotoxicity to the level of non-resistant A2780 cells by a therapeutic LMWH (tinzaparin)
concentration in a preclinical in vitro setting [16]. Considering the outstanding role of LMWH in
cancer treatment, this surprising and novel finding linking LMWH application in cancer treatment
with a potential circumvention of chemoresistance could have a high clinical relevance. However,
the molecular mechanisms are not fully elucidated. It was shown that tinzaparin has no effect on the
intracellular drug levels thus the higher efficiency in the resistant cells is not simply related to transport
mechanisms. A whole genome analysis of tinzaparin pretreated resistant A2780cis cells confirmed that
tinzaparin possesses a complex impact on signaling and gene regulatory mechanisms reversing the
resistance phenomenon. Obviously, this LMWH efficiency is related to the cellular proteoglycans.

In a further step to evaluate the value of this finding here we address the question whether
the chemoresistance overcoming capacity of tinzaparin is potentially valid and detectable under
in vivo conditions. Considering the strong differences between in vitro 2D-cytotoxicity assays and
in vivo tumor growth models we aimed to draw a parallel by establishing A2780 and A2780cis tumor
xenografts in mice and investigated their cisplatin treatment in response to tinzaparin.

2. Results

To investigate the efficiency of cisplatin treatment and the impact of tinzaparin co-treatment
for tumor growth under in vivo conditions, xenograft tumors in nude mice were established using
the A2780 and cisplatin-resistant A2780cis cell line. In both trials, tumor bearing mice were divided
into four groups with a similar mean tumor volume (n = 8) at start of treatment. Furthermore, the
groups were set up to contain small, middle and larger tumors at the start of treatment with similar
distribution between the groups. Mice were treated with saline, tinzaparin, cisplatin or a combination
of tinzaparin with cisplatin, respectively.

2.1. Comparison of the Xenograft Tumor Models

First, for a direct comparison of both tumor models regarding growth rate and response to cisplatin,
the respective data of the saline- and cisplatin-groups were combined in one graph, which is shown in
Figure 1. Overall, the A2780 tumors showed a higher growth rate compared to A2780cis tumors. A2780
tumors of the saline treated control group reached the maximal acceptable tumor volume much earlier
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than A2780cis tumors. Cisplatin treatment led to a clear growth inhibition effect compared to saline
control in the A2780 model with a reduction of tumor growth of more than 50% when analyzed on days
7 and 9 (Figure 1). A much lower impact of cisplatin on tumor growth was observed in the A2780cis
model with a growth inhibition of less than 30% (Figure 1). Thus, the in vitro cisplatin resistance of
A2780cis cells was reproduced in vivo as xenograft tumors, although the relative difference in cisplatin
sensitivity between both models turned out to be of lesser extent as compared to in vitro conditions.

Figure 1. Comparison of A2780 and A2780cis tumor models regarding growth rate and response to cisplatin.
Shown is the increase of mean tumor volumes of each group (n = 8) ± standard deviation normalized to
day 0 (start of treatment). In the A2780 model, the treatment and monitoring of the saline control group
was discontinued on day 9 after four mice had reached the maximal acceptable tumor volume. Mice
of cisplatin group were monitored for a prolonged time, which is not depicted here. In the A2780cis
model, monitoring of the control group was discontinued on day 15 when six mice had reached the
maximal acceptable tumor volume whereas the cisplatin group was monitored for a prolonged time.
The data depicted here are derived from the complete data sets shown in Figures 3 and 4.

To investigate whether the differences in growth rate of both tumor models were reflected by
morphological differences, we investigated the structural peculiarities of both tumor models.
Histological examination after HE staining revealed differences predominantly with regard to the
vascularization. A2780cis tumors are highly vascularized and contain well-structured vessels of different
shapes and diameters. A2780 tumors are even more vascularized, show structured vessels, but are also
characterized by particular high occurrence of hemorrhages. This correlates with the red-blue colored
appearance of A2780 tumors when subcutaneously grown in nude mice. For further characterization
and comparison of both tumor models, we performed Azan-staining, which is useful to visualize
extracellular matrix material and fibrous structures. This revealed an additional difference between
both models. As shown in Figure 2, a typical feature of the A2780cis tumor tissue is a characteristic
composition of tumor cells together with septal structures. Such tissue pattern is scarcely found in
A2780 tumors.

 

Figure 2. Histological analysis of tumor tissue of A2780 (a) and A2780cis tumors (b) after Azan-staining.
A2780cis tumors show a characteristic composition of tumor cells together with septal structures.
Particular high occurrence of hemorrhages is a typical feature of A2780 tumors. (T—tumor tissue,
H—hemorrhage, S—septum, V—vessel; 400 × magnification).
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2.2. Impact of Tinzaparin on Tumor Growth and Response to Cisplatin Treatment

Tinzaparin was given as daily injections of 10 mg/kg body weight which was well tolerated;
no weight loss or bleeding complications were observed. However, considering the combined graphs,
treatment with tinzaparin alone resulted in a tumor growth inhibition effect in the A2780 model
(Figure 3). In contrast, no tumor growth inhibition by tinzaparin alone was observed in the A2780cis
model (Figure 4).

This obvious difference in tinzaparin effects in the two tumor models can be explained with a more
detailed view on the individual mice data. Analyses of individual mice revealed a more heterogeneous
tumor growth under tinzaparin treatment compared to treatment with saline, preferentially in the
A2780 model. A2780 tumors with small initial volume seemed to be inhibited which explains the shift
of the mean graph of the tinzaparin group (Figure 3). Interestingly, one of the tumors with smaller
initial volume within the tinzaparin groups of both models did not grow or showed regression with
no further growth. This was exclusively observed for the solely tinzaparin treated groups.

The combination of cisplatin as a once weekly application of 6 mg/kg body weight and tinzaparin
did not result in an additional growth inhibition effect in both models, at least in an observation frame
up to day 15. At this time point, part of the mice of each group had reached the maximal acceptable
tumor volume and had to be removed from the study. Mice, which had not reached the maximal
acceptable tumor volume at this time point, were maintained for the experiment. Therefore, a smaller
number of mice (4 vs. 4 in A2780 and 3 vs. 3 in A2780cis) were monitored for an additional time period.
This subgroup analysis revealed a difference between the two tumor models. An improved tumor
growth inhibition effect of the combination treatment with cisplatin and tinzaparin became evident in
the A2780cis model (Figure 4) but not in the A2780 tumor model (Figure 3).

 
Figure 3. Analysis of tumor growth inhibition in the A2780 model. The increase of mean tumor volumes
of each group (n = 8) ± standard deviation is illustrated normalized to day 0 (start of treatment).
Tinzaparin was administered as daily injections of 10 mg/kg body weight. Cisplatin (6 mg/kg body
weight) was given once weekly for two weeks. A third cisplatin injection was omitted due to incomplete
recovery of mouse body weight after the second injection. Control group received saline. The treatment
and monitoring of both the control group and the tinzaparin group was discontinued on day 9 after
four mice had reached the maximal acceptable tumor volume, respectively. On day 11, two tumors
in the cisplatin group and two tumors in the cisplatin/tinzaparin group had reached the maximal
acceptable tumor volume and the mice were removed from the study. On day 14, further two mice of
each group were removed. The remaining four mice of both groups were monitored until day 18.

The tumor growth inhibition in the later stages of experiment (Figure 4) refers to a preferential
effect of the combined tinzaparin and cisplatin treatment on initially smaller tumors. To strengthen this
postulation, a comparison of combination treatment vs. cisplatin alone was performed by separately
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analyzing the three tumors with the smallest initial volume from each group, respectively. This revealed
a more evident effect of tinzaparin co-treatment on cisplatin induced growth inhibition in A2780cis
model than in Figure 4 (Figure 5a), but A2780 xenografts (Figure 5b) also appear to benefit from
tinzaparin when considering the smallest tumors, which was not expected from Figure 3.

 
Figure 4. Analysis of tumor growth inhibition in the A2780cis model. Shown is the increase of mean
tumor volumes of each group (n = 8) ± standard deviation normalized to day 0 (start of treatment).
Tinzaparin was administered as daily injections of 10 mg/kg body weight. Cisplatin (6 mg/kg) was
given once weekly for three weeks. Control group received saline. The treatment and monitoring of
the tinzaparin group was discontinued on day 11 after four mice had reached the maximal acceptable
tumor volume. Monitoring of control group was continued until day 15 when six mice had reached the
maximal acceptable tumor volume. In addition, five tumors in the cisplatin group and five tumors in
the cisplatin/tinzaparin group had reached the maximal acceptable tumor volume and the mice were
removed from the study on day 15. The remaining three mice of both groups were monitored until
day 22.

 

Figure 5. Impact of tinzaparin on cisplatin treatment of tumors with small initial volume. Shown is
the increase of mean tumor volumes of each group (n = 3) ± standard deviation normalized to day 0
(start of treatment), (a) A2780cis and (b) A2780 xenografts. Tinzaparin and cisplatin treatment was as
mentioned before.

2.3. The Impact of Tinzaparin On Tumor Platination

In order to elucidate whether the tinzaparin treatment of mice had an impact on the cisplatin
accumulation in the tumor tissue and thus higher cisplatin levels could explain the attenuated tumor
growth kinetics in the A2780cis xenografts at the later time points, platinum concentrations were
detected in the tumor tissue by the GF-AAS technique. Therefore, A2780 and A2780cis tumors were
taken from tinzaparin-treated and -untreated mice at two different time points after the last cisplatin
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application. For each time point, the non-LMWH treated platinum concentration was set as 100% to
individually illustrate changes in the platinum levels induced by heparin. It becomes evident that in
A2780 tumors both, at day 3 and 10 post cisplatin injection the daily tinzaparin dosis affects drastically
the platinum content (Figure 6a) showing four- to fivefold higher platinum concentrations. This is in
contrast to our in vitro findings that displayed no effect of tinzaparin on cisplatin uptake by A2780
cells [16]. However, we cannot directly compare these findings since we have no information on the
intratumor localization of the drug. Nevertheless, the higher platinum concentrations induced by
tinzaparin is obviously not reflected by a higher overall cytotoxicity, as indicated in Figure 3.

In strict contrast, tinzaparin treatment had no or only a negligible impact on platinum accumulation
in the cisplatin resistant tumor xenografts (Figure 6b). This is a clear indication that the slower tumor
growth kinetics in the combined cisplatin and tinzaparin treatment compared to the cisplatin group at
the later experimental time points is not related to higher drug concentrations within the tumor tissue.

One can assume that the strong differences in platinum accumulation reflect the morphological
differences between both tumor xenografts, shown in Figure 2. In the A2780 model, which is characterized
by a lesser organized tissue structure as compared to the A2780cis model, tinzaparin treatment could
have impacted the intratumoral cisplatin distribution thereby resulting in improved accumulation.

Figure 6. Detection of intratumoral platinum accumulation in A2780 (a) and A2780cis (b) tumor
xenografts. Tumor samples were taken after 3 and 10 (A2780) or after 2 and 9 days (A2780cis) following
the last cisplatin injection. The platinum concentration of tinzaparin treated tumors was normalized to
only cisplatin treated tumors which were set to 100%, heparin induced changes were displayed in %.

3. Discussion

Considerable progress in elucidating beneficial effects of heparin treatment of cancer has been
documented during the last two decades, which goes beyond the guideline-based application of
LMWH to circumvent or treat venous thrombotic events [17,18]. Most attention has been given
to the meanwhile experimentally confirmed fact that heparin impacts the metastatic spread of
carcinomas [5]. In doing this, heparin possesses multiple “pleiotropic” effects to interfere with the
tumor cell communication and the support, given by host or stroma components [19,20]. Consequently,
heparin blocks tumors at an early development stage. However, little is known whether heparin can
additionally affect tumors in an early stage of development or existing solid tumors, i.e., by assisting
cytostatics. The cytostatic treatment of cancer patients is often hampered by the rapid development
of cancer cell resistance against single or whole classes of cytostatic agents [21]. Despite heparin is a
common constituent in clinical cancer therapy, a certain link between chemoresistance and heparin
does not exist.

We could recently show in an in vitro approach that the LMWH tinzaparin reverses the cisplatin
resistance in human A2780 ovarian cancer cells by a genetic reprogramming and a deregulation of
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more than 3700 genes, although cytotoxic or apoptotic effects of the LMWH doses used could be
excluded [16]. The molecular mechanisms are still not elucidated and a matter of ongoing research.

Here we performed a first adaptation of this finding to in vivo relevant conditions and compare
for the first time the cytostatic activity in a wild-type and cisplatin resistant subtype of a tumor cell
line in relation to a LMWH therapeutic application. We provide evidence that the cisplatin resistance
of A2780cis cells is maintained in the mice xenograft model, when compared to A2780 cell xenografts.
However, the resistant cell xenografts display an overall slower growth kinetic than the wild-type ones
and both tumor models show morphological differences, which requires a selective interpretation of
cisplatin cytotoxicity response. This emphasizes impressively that the in vitro conditions of a plain
2D cultivation of pure tumor cell cultures are severely limited when transferred to experimental
in vivo conditions, where the tumor cells are embedded and impacted by connective tissues, stroma
cells. Furthermore, their access to the drugs is thus not a simple diffusion process but mediated and
restricted by the blood vasculature.

Based on these differences in growth rate and morphology between the xenografts of A2780
and A2780cis we could not simply expect a sensitization of A2780cis cells for cisplatin by tinzaparin
resulting in a similar behavior like the A2780 cells, as the cells adapted in vitro. Nevertheless, the
overall consideration of tumor growth kinetics referred to a slightly diminished growth rate for
A2780cis after day 15 in the tinzaparin and cisplatin combination group (Figure 4). This is a clear, but
not a significant indication for improved cytotoxic activity in presence of tinzaparin. It turns out that
the initially smallest A2780cis tumors are mostly influenced by the tinzaparin application and display
the most evident growth retardation. Since tinzaparin hardly affected the cisplatin accumulation in the
A2780cis xenografts (Figure 6) and did not display an intrinsic effect on growth inhibition (Figure 4)
this could point to a higher sensitivity for cisplatin as reason for growth reduction.

The smallest A2780 tumors also displayed a slower growth rate co-treated with cisplatin and
tinzaparin when compared to the solely cisplatin treated groups. However, the background of this
type of “sensitization” seems different from A2780cis, since A2780 xenografts accumulated massively
higher amounts of cisplatin in the tumor tissue by tinzaparin activity, obviously enforced by the leaky
tissue structure. We can presently not explain completely the reason for this difference in cisplatin
vascular leakage triggered by tinzaparin between A2780 and A2780cis. Since both xenografts are highly
vascularized, the much higher leakage in A2780 xenografts seems to be related to the hemorrhagic
regions and thus an even higher intratumoral bleeding when heparinized, and not a functional effect
of tinzaparin on intact vasculature. However, the up to fivefold higher cisplatin concentrations in
A2780 tumor tissue in presence of tinzaparin appear as the primary reason for slower growth, although
intrinsic effects of tinzaparin alone might also play a role, as indicated in Figure 3.

Despite these obvious differences in A2780 and A2780cis concerning morphology and uptake
characteristics and the different background of the term “sensitization” in both models, it is interesting
to point out that only the tumors in early stages are susceptible for LMWH effects, as indicated for the
anti-metastatic approaches with heparin.

Our postulations on a sensitization of tumors for chemotherapy do hardly find clear reflections
by existing clinical data, since the classical data for clinical outcomes like progression free survival
or overall survival probably also cover a potential better response to cytostatics. However, our
postulations might be in line with those studies which explicitly focus on cytostatic efficiency [9,10,12]
that proposed a beneficial effect of LMWH. These findings warrant further investigations to probably
open new aspects for heparin applications in oncology.

4. Materials and Methods

4.1. Cell Lines

A2780 and cisplatin-resistant A2780cis human ovarian carcinoma cell lines were from the ECACC
(Salisbury, UK); No. 93112519 (A2780) and No. 93112517 (A2780cis) and cultivated (37 ◦C, 5% CO2)
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in RPMI1640 medium containing 10% FCS, 1.5% L-glutamine and 1% penicillin/streptomycin (PAN
Biotech, Aidenbach, Germany). After purchase, cells were frozen in aliquots (master cell bank) from
which they were cultivated for a maximum of ten passages for the present study. Cell authentication
was confirmed by short tandem repeat (STR) profiling.

4.2. Animal Studies

The investigations of this study were approved by the Laboratory Animal Care Committee of
Sachsen-Anhalt, Germany. Xenograft tumors were generated in athymic nude mice (Charles River,
Sulzfeld, Germany) using the ovarian carcinoma cell lines A2780 and A2780cis. Eight million cells
of either cell line were resuspended in PBS and injected subcutaneously into the flank of mice. After
establishment of tumors, mice were divided into four groups with a similar mean tumor volume (n = 8)
at start of treatment and with similar distribution of tumor volumes between the groups. Tinzaparin
was given as daily i.p. injections of 10 mg/kg body weight. Cisplatin (6 mg/kg BW) was administered
i.p. once weekly. The control group received normal saline. Tumor growth and response to therapy
was monitored by caliper measurements and tumor volume calculation using the formula a2 × b × 0.5
with a being the short and b the long dimension.

4.3. Tumor Lysis and Measurement of Intratumoral Platinum Accumulation

The kinetic of cisplatin uptake by A2780 and A2780cis tumors was analyzed by graphite furnace
atomic absorption spectrometry (GF-AAS). Tumor samples were taken at the indicated time points
and snap frozen. At time of detection, tumors were dissected with a scalpel, lysed with 65% nitric acid
suprapur® (Merck Chemicals, Schwalbach, Germany) for one hour at 80 ◦C followed by GF-AAS
investigation, as indicated before [16]. Measured platinum concentrations were related to the
tumor weights.

4.4. Histological Analyses

For hematoxylin and eosin (HE) staining, necropsied tumors were cross-sectioned, fixed in 4%
formalin, embedded in paraffin, sliced with a RM 2245 microtome (4–5 μm, Leica, Wetzlar, Germany),
dewaxed and rehydrated by decreasing alcohol series from xylene up to bi-distilled water. The slices
were stained with hematoxylin (Dako, Hamburg, Germany), followed by several washing steps with
tap water and bi-distilled water. Subsequently, the slices were stained with eosin (Merck Chemicals
GmbH, Darmstadt, Germany). After staining, the slices were dehydrated by ascending alcohol series
and fixed with Roti®-Histokit (Carl Roth GmbH & Co. KG, Karlsruhe, Germany).

For Azan staining, the dewaxed and rehydrated tissue slices were initially stained with an azocarmine
(Morphisto®, Frankfurt a.M., Germany) solution. After some washing steps with bi-distilled water and
the nuclei differentiation with aniline (Baacklab®, Schwerin, Germany) in 95% ethanol, the slices were
treated with 5% phosphomolybdic acid (Baacklab®). Subsequently they were rinsed with bi-distilled
water and stained with a solution of aniline blue and Orange G (Baacklab®). Afterwards the slices were
washed with bi-distilled water, dehydrated by ascending alcohol series and fixed with Roti®-Histokitt
(Carl Roth GmbH & Co. KG).
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Abstract: A rapid and accurate diagnosis in patients with suspected heparin-induced
thrombocytopenia (HIT) is essential for patient management but remains challenging. Current HIT
diagnosis ideally relies on a combination of clinical information, immunoassay and functional assay
results. Platelet activation assays or functional assays detect HIT antibodies that are more clinically
significant. Several functional assays have been developed and evaluated in the literature. They differ
in the activation endpoint studied; the technique or technology used; the platelet donor selection;
the platelet suspension (washed platelets, platelet rich plasma or whole blood); the patient sample
(serum or plasma); and the heparin used (type and concentrations). Inconsistencies in controls
performed and associated results interpretation are common. Thresholds and performances are
determined differently among papers. Functional assays suffer from interlaboratory variability.
This lack of standardization limits the evaluation and the accessibility of functional assays in
laboratories. In the present article, we review all the current activation endpoints, techniques
and methodologies of functional assays developed for HIT diagnosis.

Keywords: heparin-induced thrombocytopenia; diagnosis; functional assay; platelets

1. Introduction

Accurate and rapid diagnosis of heparin-induced thrombocytopenia (HIT) is essential to improve
clinical management of patients. Because thrombocytopenia is rather frequent in hospitalized patients
receiving heparin, clinicians must distinguish the uncommon patient with HIT among the many
without [1]. Accurate diagnosis is crucial as overdiagnosis may expose the patient to alternative
anticoagulant treatment conferring a significant risk for major bleeding complications. Moreover,
physicians are very reluctant to reintroduce heparin in such patients [2,3]. Misdiagnosis will delay the
initiation of the alternative treatment, increasing thrombotic risk and mortality [4]. Clinical scoring
systems, such as the 4Ts score or the HEP score, are helpful in estimating the probability of HIT [5,6].
A low probability 4Ts score appears to be a robust means of excluding HIT [7,8] but does not rule
out HIT in all cases [9,10] and may be difficult to apply [11]. Patients with intermediate and high
probability scores require further evaluation [7]. HIT is often difficult to exclude or to confirm based
on clinical information alone [1]. HIT diagnosis requires laboratory testing. Two types of assays are
available: immunoassays and functional assays [1]. Immunoassays detect binding of anti-PF4/heparin
antibodies (Ab). Functional assays or platelet activation assays investigate if these antibodies are able
to activate platelets in the presence of heparin. Depending on the clinical setting, only 10%–50% of
patients with positive immunoassays have platelet-activating antibodies [12]. HIT cannot be confirmed
by immunoassays alone because of low positive predictive value [13]. A recent systematic review and
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meta-analysis concluded that only five immunoassays evaluated have a high sensitivity (>95%) and
a high specificity (>90%) [14]. Moreover, optical density (OD) values of immunoassays vary among
laboratories and need standardization of the OD ranges [15]. Performing a functional assay in the
case of positive immunoassay is highly needed to reduce overdiagnosis and subsequent mistreatment
of patients without HIT [16]. An integrated diagnostic approach combining clinical information
with immunoassays and functional assays is recommended and provides a guide to decision making
facing a patient suspected of HIT [5,14,17]. Making a timely and accurate diagnosis of HIT remains
an important challenge because of limitations of current diagnostic tests. Functional assays considered
as gold standards, i.e., 14C-serotonin release assay (14C-SRA) and heparin-induced platelet activation
(HIPA)), require a highly specialized laboratory and are not widely available [18]. Several platelet
activation assays avoiding limitations of previous assays have been developed. We provide an overview
of all current laboratory endpoints, techniques, assay variations and results interpretation in functional
assays for HIT diagnosis.

2. Principles of Functional Assays

In functional tests, donor platelets are incubated with patient serum/plasma and heparin.
If clinically significant patient′s HIT antibodies are present with an optimal heparin–PF4 stoichiometric
ratio, this leads to the formation of a heparin–antibody–PF4 complex that will bind to FcγRIIa
receptors on the platelet and induce donor platelets activation. This in vitro reaction results in platelet
changes including release of α-granules and dense bodies, generation of platelet microparticles (PMPs),
upregulation of various membrane glycoproteins (GP) and ultimately platelet aggregation. These
platelet changes may be used as endpoints in functional assays (Figure 1) [19].

3. Activation Endpoints

3.1. Release of Dense Granules Content

3.1.1. Release of Serotonin

Almost all circulating serotonin is accumulated and stored in the dense granules of platelets [20,21].
When platelets are activated by HIT antibodies, they release serotonin in the supernatant.
The measurement of the serotonin release can be used to detect HIT antibody-induced platelet
activation within patient serum or plasma [22]. The first assay proposed to measure this release
of serotonin as a platelet activation point in the diagnosis of HIT was the 14C-serotonin release
assay (14C-SRA) [23]. To perform this assay, donor platelet-rich plasma (PRP) is pre-incubated
with radioactive 14C-serotonin. Radiolabeled serotonin enters dense granules of platelets. After a
washing procedure, washed platelets are incubated with patient serum/plasma and heparin followed
by a centrifugation step where supernatants are collected and radioactivity is measured using
a β-counter [22].

Alternatives to study platelet serotonin release have been described in the literature. These
techniques avoid the use of a radioactive agent and measure the release of intraplatelet endogenous
serotonin. The first technique is the enzyme linked immunosorbent assay (ELISA) [24]. During the
incubation step, endogenous serotonin is released from dense granules to the supernatant. After a
centrifugation step, the serotonin contained in the supernatant is quantified with an ELISA [24–26].
The second technique to quantify serotonin released in the supernatant from platelets is the
high-pressure liquid chromatography (HPLC) [25–27] coupled to a fluorescent detector [27] or to
an electrochemical detector [25]. The third technology analyses intraplatelet serotonin content using
flow cytometry [28]. After the incubation step, platelets were identified using an antiCD41a monoclonal
antibody that recognizes a calcium-dependent complex of GPIIb/IIIa expressed on normal platelets.
Intraplatelet serotonin content was detected with an antiserotonin antibody labelling after fixation and
permeabilization of platelets. Platelets activation was independently shown by annexin V binding [28].
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Figure 1. Platelet changes induced by heparin-induced thrombocytopenia (HIT) antibodies and
detected in HIT functional assays. Donor platelets, heparin and the patient sample are incubated
in vitro. Clinically significant antibodies lead to the formation of an antibody/heparin/PF4 complex
that binds to FcγRIIa receptors on the platelet and induces donor platelets activation and aggregation.
The following platelet changes are induced and may be used as endpoints in functional assays:
proteolysis of the FcγRIIa receptor; translocation of p-selectin (CD62p) from α-granules to the platelet
surface; release of δ-granules (dense granules) content containing serotonin; ATP and preincubated
radiolabeled serotonin; generation of PMPs; procoagulant activity of PMPs with thrombin generation;
translocation of anionic phospholipids such as phosphatidylserine to the outer surface by a flip-flop
mechanism; and aggregation of platelets. GPIIIa (CD61) and GPIIb/IIIa (CD41) are two platelet
and PMP surface glycoproteins (GP) expressed on normal platelets. GPIb–IX–V is a subunit of
the von Willebrand factor receptor complex expressed on the surface of platelets and PMPs. (IgG:
immunoglobulin G, PF4: platelet factor 4, ATP: adenosine triphosphate, PMPs: platelet microparticles.)

3.1.2. Release of Adenosine Triphosphate (ATP)

The platelet dense granules contain large stores of ATP [29]. ATP release from platelets during
platelet activation induced by HIT antibodies can be measured using a lumiaggregometer [29].
Luciferase–luciferin reagent is added to the platelet samples, it reacts with released ATP to generate
adenyl–luciferon. A chemiluminescent reaction occurs when adenyl–luciferin oxides. The light emitted
is proportional to the quantity of ATP present in the aggregometer cuvette [19]. Another group reported
the use of a standard scintillation counter to quantify the released ATP [30].
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3.1.3. Platelet Aggregation

The platelet aggregation endpoint can be measured in three different ways.

Visual Assessment

HIPA test is based on visual assessment of platelet aggregation in U-bottomed polystyrene
microtiter wells with rotating steel balls used to agitate the platelets [31–35]. Donor platelets, patient
serum and heparin are stirred using a magnetic stirrer. The wells are examined visually against an
indirect light source at 5-min intervals. A change in appearance of the reaction mixture from turbidity
(nonaggregated platelets) to transparency (aggregated platelets) is considered a positive result [36].

Optical Aggregometry

The heparin-induced platelet aggregation test (PAT) evaluates platelet aggregation using
conventional light transmission aggregometry (LTA) [33,37]. The test principle is similar to HIPA,
except that the platelet aggregation endpoint is not evaluated visually but with the use of an optical
aggregometer. The reaction mixture is stirred in a cuvette at 37 ◦C between a light source and
a photocell and the light transmission is recorded over time. Aggregation is detected by an increase in
light transmission through the platelet suspension [38].

Impedance Aggregometry

Platelet aggregation can be detected with the heparin-induced multiple electrode aggregometry
(HIMEA) [39–44]. The reaction mixture is incubated and stirred in a cuvette containing two pairs of sensor
electrodes. When platelet aggregation occurs, platelets stick on the electrodes inducing an enhancement
of the electrical resistance between them. This change in impedance is recorded over time in the whole
blood impedance analyzer (Multiplate® analyzer, Dynabyte Medical, Munich, Germany).

3.1.4. Expression of Platelet Membrane Glycoproteins

During platelet activation, changes are induced in the platelet membranes with expression of
surface markers. These platelet activation markers can be studied in flow cytometry with the use of
fluorescent-labeled ligand [38]. Expression of anionic phospholipids and P-selectin have been proposed
in the literature as identification markers of platelet activation [45–50]. During platelet activation,
a membrane flip-flop mechanism translocates anionic phospholipids such as phosphatidylserine to
the outer surface. Annexin V is a protein that binds with high affinity and specificity to anionic
phospholipids expressed on the surface of activated platelets [19]. P-selectin is a protein stored in
the membranes of the α-granules of resting platelets. Upon platelet activation, P-selectin (CD62P) is
translocated to the platelet surface [19,38] and can be measured using a labelled anti-P-selectin antibody.
Platelet marker antibodies are also used to identify the platelet population. Anti-CD61 and anti-CD41
recognize two platelet surface GP: platelet GPIIIa (CD61) [50] and platelet complex GPIIb/IIIa (CD41),
respectively [45,46,48,51]. After the in vitro platelet activation by HIT antibodies, the platelet mixture is
incubated with two fluorescent-labelled ligands: one to identify platelets and the other to detect activated
platelets. The proportion of activated platelets is obtained by two-color flow cytometry.

3.1.5. Generation of Platelets Microparticles

Platelets activated by HIT sera generate platelet-derived microparticles [52–54]. PMPs are
quantified using flow cytometry. After the incubation step, platelet mixture is incubated with
a fluorescent-labelled antibody to identify platelets and PMPs such as anti-CD41 [51,55–57] or
anti-GPIbα [58], the latter monoclonal antibody links a subunit of the von Willebrand factor receptor
complex (GPIb–IX–V) expressed on the surface of platelets and PMPs [19]. Annexin-V may be added
to bind anionic phospholipids as a platelet activation marker [51,55–57]. PMPs are distinguished from
platelets by their size and scatter parameters.
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3.1.6. Procoagulant Activity

Platelet-derived microparticles generated by HIT antibodies are procoagulant and lead to
thrombin generation [53]. The procoagulant activity of HIT IgG antibodies can be measured with the
thrombin generation assay (TGA) using a fluorometer [59,60]. At the end of the incubation with HIT
antibodies, recombinant human tissue factor is added and coagulation is triggered with the addition
of a fluorogenic substrate and calcium chloride. The peptidic fluorogenic substrate is hydrolysed by
thrombin and releases a product which emits fluorescence. The fluorescence intensity is recorded over
time and converted into a peak of active thrombin concentration against time [61].

3.1.7. FcγRIIa Proteolysis

FcγRIIa agonists lead to cleavage of the receptor and the retention of a 32-kDa membrane bound
component [62,63]. Identification of the proteolytic fragment of FcγRIIa with a Western blot analysis
could serve as a surrogate marker for HIT [64]. After the incubation time, platelet activation is stopped
with EDTA in the presence of protease inhibitors. Platelets are centrifuged and solubilized in lysis buffer.
To measure proteolysis, lysates are separated by SDS-PAGE and detected by Western blot analysis
using goat anti-human FcγRIIa with avidin–horseradish peroxidase and chemiluminescence [64].
The percentage proteolysis is determined using scanning densitometry.

3.1.8. Intracellular Luciferase Cell Activity

Cuker and collaborators recently developed a new functional assay to identify cell-activating
anti-PF4/heparin antibodies without need for donor platelets but using a cell-line that can be stored
at −80 ◦C [65]. DT40 chicken B lymphocyte cells were transiently transfected to express human
FcγRIIA and a luciferase reporter. The PF4/heparin/plasma mixtures are added to the resultant
transgenic B-cell line. HIT immune complexes bind to B cells and cross-link the FcγRIIA which induces
an intracellular signaling cascade, ultimately leading to luciferase activation, resulting in a luminescence
signal. Luciferase activity is measured with a luminometer using Luciferase Assay Reagent. Data are
reported as the signal induced by patient plasma relative to the absence of plasma (fold-basal) [65].

4. Platelets

4.1. Whole Blood, PRP or Washed Platelets

Donor platelets can be used in three different ways: either as washed platelets, as PRP or as
whole blood.

Whole blood does not require platelet preparation after the blood drawn and is therefore more
rapid to obtain than PRP or washed platelets.

To obtain PRP, a simple centrifugation of whole blood at a low speed (150 to 180 g for 10 to 15 min at
room temperature) is needed [32]. PRP is sometimes adjusted to 250,000–300,000 platelets/μL [29,42,48,66].
PRP is technically less demanding than washed platelets and can be performed in a non-specialist clinical
laboratory [19].

To prepare washed platelets, blood is collected into acid–citrate–dextrose (ACD) solution. ACD
reduces the pH in order to prevent platelet aggregation that would occur during platelet pelleting [36].
ACD also chelates the calcium in blood preventing coagulation. A low speed centrifugation is
performed to obtain PRP. Platelets are isolated from PRP by successive centrifugation steps and
re-suspended in calcium- and magnesium-free Tyrode′s buffer at pH 6.3 with glucose and apyrase.
The absence of calcium and magnesium allows the activation of coagulation factors and platelets to be
avoided [36]. Apyrase is an enzyme that prevents adenosine diphosphate (ADP) accumulation from
the platelets by degrading adenine nucleotides. It maintains platelet sensitivity to subsequent ADP
stimulation that occurs during the second phase of HIT antibody-induced platelet activation [32,67].
Platelets are resuspended into calcium- and magnesium-containing Tyrode′s buffer at physiological
pH (pH 7.4) without apyrase or hirudin to allow HIT-induced platelet activation [36].
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Platelet washing is a time-consuming procedure requiring experience and care to avoid excessive
platelet activation [19,51]. Although, the mild background platelet activation generated during the
washing procedure can be advantageous in HIT assays, excessive platelet activation can occur in
inexperienced hands and lead to erroneous results [19]. Washed platelets are best suited for specialist
or referral laboratories assessing many HIT sera/plasma as this facilitates acquisition of sufficient
technical experience to perform the assay successfully on a consistent basis [36]. In the nonspecialist
clinical laboratories, the technicians may not have the experience or training to perform platelet
washing properly and a PRP-based assay may be more appropriate [19].

Washed platelet-based assays are considered more sensitive and possibly more specific than PRP
or whole blood-based assay tests for some biological reasons [19,36,68]: (i) the wash step eliminates
possible interfering substances potentially causing heparin independent aggregation such as IgG or
acute-phase proteins (e.g., fibrinogen) [69]; (ii) the high centrifugation during washing may induce
platelet granule release of PF4 with greater formation of PF4/heparin antigen complexes [19]; (iii) the
use of apyrase prevents platelets from becoming refractory to subsequent ADP-mediated potentiation
of HIT-antibody-induced activation; (iv) the physiological calcium concentrations induce optimal
IgG-mediated platelet activation [36,69].

Previous studies have compared PAT, a PRP aggregation test to SRA, a washed platelets
activation assay. They suggested that PAT has lower sensitivity than SRA and may miss cases of true
HIT [33,35,70,71]. In contrast, another study reported a similarly high sensitivity for PAT in comparison
to SRA but with a lower specificity for PAT [72]. It is believed that when performed under controlled
conditions with highly responsive platelets and with a two-point system, the sensitivity and specificity
of PRP-based assay can approach or be similar to washed platelet-based assays [19,33]. More recent
studies compared the performances of SRA to newer PRP or whole-blood-based tests and showed
close or similar sensitivity and specificity [27,42,44,56,73]. No direct comparison of functional assays
using the same patient samples with the same platelet donors using PRP and washed platelets has
been described in the literature.

4.2. Platelet Donor Selection

It was reported that serum/plasma of a patient with HIT highly activates autologous platelets [74,75].
It has been potentially explained by a persisting high expression of FcγRIIa on platelets [75], baseline
platelet activation and higher availability of PF4 in patients with acute HIT [76]. However, use of
autologous PRP can be limited by the patient thrombocytopenia, hence the use of donor platelets to
perform the functional assay [36,77].

Platelets from different donors vary considerably in their reactivity to HIT antibodies [19].
A potential explanation is the genetic polymorphism of the FcγRIIa receptor [78]. Two polymorphisms
have been identified: Arg/His131 [79–84] and Gln/Lys127 [85]. It is of utmost importance to
select platelets from responsive donors as it was shown that using a high responder donor for HIT
investigation improves the sensitivity of the functional assay [86,87]. Indeed, platelets with poor
reactivity may give false negative results with weak HIT antibodies [44,88]. Selection of platelets from
a high responder donor seems to be the most important factor affecting the sensitivity of the HIT
antibody functional assay [19]. In order to select responsive donors, different approaches have been
adopted. Some laboratories use platelets from four different donors to minimize the variability of
platelets. Some laboratories identify a number of “good responders” among the laboratory staff [19].
These known reactive donors are potential platelet donors when a HIT functional assay is needed.
The identification can be realized in two ways. First, platelet donors may be tested individually against
strong and weak positive control sera/plasma using a functional assay [27]. Platelet donors inducing
a high platelet response with strong and with the weak positive control will be selected. Weak positive
control sera/plasma are obtained from dilution of a well-characterized strong HIT sera/plasma [22].
The anti-CD9 monoclonal antibody ALB6 cross-links the FcγRIIa receptor and can be used as a platelet
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activator to select good donors [41,89,90]. The 5B9 is a chimeric IgG1 antibody to PF4/H complexes
that mimics human HIT antibodies [91] which can potentially be used to select responsive donors.

Platelets should be obtained from donors that did not take medications impairing platelet
function such as acetylsalicylic acid or non-steroid anti-inflammatory drugs (NSAIDs) [19,32]. Garlic,
antihistamines, and naturopathic medications should also be avoided because of their effect on
platelets [19,32,41].

For the use of HIMEA- and LTA-evaluating donor platelets aggregation, Morel-Kopp et al suggest
to collect blood following ISTH-SSC recommendations [92]. These SSC/ISTH guidelines have been
established for the standardization of LTA and recommend that treatment with drugs known to
reversibly (e.g., NSAIDs except aspirin) or irreversibly (e.g., aspirin, thienopyridines) inhibit platelet
function should be stopped at least 3 days and 10 days, respectively, before sampling [92]. Although,
it is recognized in the literature that antiplatelet compounds should be avoided in donor blood, this is
not systematically mentioned and minimum time between the last drug intake and the blood drawn
may differ among papers [32,40,41,49,93]. Sono-Koree et al. evaluated the effects of aspirin and
ibuprofen on donor platelets in responsive platelet donors to HIT antibodies using HPLC-SRA [27].
They concluded that the effects of these NSAIDs were donor specific and markedly decreased responses
to HIT antibodies in several donors. They observed a return to normal platelet function in all donors
by 1 week following drug ingestion and implemented a conservative approach, restricting SRA platelet
donation in subjects who have ingested NSAIDs in the past 10–14 days [27].

Healthy donors with no platelet dysfunction should be selected to prevent false negatives.
To ensure the good reactivity of platelets, donor platelets may be tested with common platelet
activators such as collagen, ADP, arachidonic acid or thrombin receptor activating peptide (TRAP)
during a pre-screening test [33,40]. Moreover, working with healthy donor blood decreases the risk of
potential interfering substances that may cause false positives.

The number of donor(s) to perform a functional assay for the diagnosis of one suspected HIT
patient varies from one to four among studies [18,27,41]. In general, studies using a high number
of donors to minimize the variability of platelets selected them randomly [15,18]. This is less
recommended as platelet donors are not easily available, therefore it may not be possible to obtain
platelets from four donors to perform the assay on a regular basis [19]. Previous identification of highly
responsive donors among the laboratory staff allows only one or two donors to be tested when a HIT
functional assay is needed [18,19,41]. Some studies that worked with two or three donors known to be
reactive to HIT antibodies did not test them separately but mixed their platelets to perform the HIT
functional assay [15,27,58,94,95].

When performing the HIT assay with donor whole blood, blood group O or the same group as the
patient should be used to avoid an ABO incompatibility reaction [40,56]. When working with PRP or
washed platelets, ABO blood group discrepancies are inconsequential and may be ignored [22,31,36].

No international standardized guidelines for the appropriate selection of platelet donors to
perform HIT functional assays currently exist. This may lead to interlaboratory variability [96].

5. Patient Sample

Functional assays may be performed with either patient serum or plasma [22,23,41]. An exception
is the TGA requiring preferably plasma because it contains coagulation proteins that are needed
for thrombin generation [61]. Testing should be performed using acute serum or plasma because
HIT antibodies are transient [32]. Residual thrombin may contaminate patient serum or plasma and
cause platelet activation leading to false positive results (e.g., patient with disseminated intravascular
coagulation) [19,36]. The patient sample could be first heated at 56 ◦C for 30–45 min to inactivate
thrombin [22,27]. Then, a high-speed centrifugation is performed (8000–12,000 g for 5–10 min) to
remove fibrin(ogen)gel and other precipitates [23,32,36]. Complement proteins are also destroyed by
heat inactivation but they are not required for IgG-dependent platelet activation in HIT [32]. However,
overheating the patient sample can generate aggregated IgG causing platelet activation [19,23,36].
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This heat-inactivation is not systematically performed for HIT functional assays in the literature.
Morel-Kopp et al. do not recommend the heat inactivation of the patient sample before HIMEA testing
because it may decrease antibody titers and affect platelet aggregation results [41].

6. Heparin

In vivo, unfractionated heparin (UFH) caused the HIT syndrome more frequently than low
molecular weight heparin (LMWH) [16]. In vitro, studies demonstrated greater capacity of UFH to
form highly immunogenic ultra large PF4/heparin/IgG complexes than LMWH [97]. In functional
assays, UFH is commonly used [26,28,40–42], LMWH may be tested in parallel [18,25,58,98]. LMWH
exhibits nearly 100% in vitro cross-reactivity to HIT antibodies using functional assays [27,48,99,100].
In others studies, LMWH showed less cross-reactivity compared with UFH, varying from
low [101] to very high [102–104] cross-reactivity. These inconsistencies may be explained by
a lack of standardization of test conditions such as source of donor platelets or optimal tested
concentrations [102]. Two studies demonstrated that using reviparin, a LMWH, enhanced the
sensitivity of the functional assay in comparison to UFH, because of the formation of more stable
PF4/heparin complexes due to the narrow range in the molecular weight [98,105]. In the literature,
reviparin or enoxaparin are used as LMWH in functional assays [18].

The concentration of heparin in the assay is critically important to induce maximal platelet
activation/aggregation, maximizing the sensitivity of the assay [19]. Indeed, heparin and PF4 form
heparin–antibody–PF4 complexes that activate platelets only over a narrow molar range [106,107].
Variable heparin concentrations are used in platelet activation assays for HIT diagnosis [18,88].
Pharmacologic heparin concentrations of 0.1 to 0.3 IU/mL are optimal for the formation of the
heparin/PF4 complex in washed platelet-based assays [23]. For PRP-based assays, the optimal heparin
concentrations are between 0.5 and 1.0 IU/mL [19,102]. Whole blood assays commonly use 1.0 IU/mL
as low heparin concentration [39–43,56]. The rationale for using higher concentrations of heparin
in whole blood and PRP-based assays compared to washed platelet-based assays is the presence
of heparin binding proteins in plasma [88]. Multiple low heparin concentrations comprised in the
optimal range may be tested in parallel during the same functional assay [18,22]. A high heparin
concentration condition is recommended to enhance the specificity of the assay [19]. Indeed, high
dose heparin disrupts the PF4/heparin complex [108] by saturating the heparin binding sites of all
PF4 molecules. It suppresses platelet activation induced by HIT antibodies [19]. The high heparin
concentration commonly used for washed platelet-based assays is 100 IU/mL [18,22,27]. In PRP-based
assays and in whole blood-based assays, heparin at 100 IU/mL may not always completely suppress
the HIT antibody-induced platelet activation because of the presence of heparin-binding proteins [19].
This partial inhibition may be acceptable or a higher concentration of heparin (i.e., 200 to 500 IU/mL)
may be used to obtain a higher inhibition of the HIT-mediated platelet reaction [19,41,56].

Contaminating heparin in the patient sample can interfere with assay performances by inducing
inappropriate final heparin concentrations in the assay [109,110]. Heparinase [110,111], resin for
anions [58,112] or thiophilic adsorption chromatography [113] have been used to remove heparin
contamination in the patient sample. Elimination of residual heparin in patient samples before
performing a HIT functional assay is not a common practice in HIT diagnosis. In order to prevent
an erroneous result caused by contaminating heparin, Morel-Kopp et al. recommend, whenever
possible, to collect blood at least 4 h after cessation of an unfractionated heparin infusion and at least
12 h after a dose of LMWH [41].

7. Controls

Functional assays require strict quality controls [68]. Several controls have been described in the
literature but they are not systematically performed [88]. There is a high variability of controls tested
between laboratories.
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7.1. Negative Controls

An appropriate negative control is needed to ensure the absence of platelet activation/aggregation
of donor platelets in the presence of heparin with a negative sample [68]. To perform this negative
control, the test sample may be replaced by a healthy control sample, a previously tested negative
patient sample or a commercially available negative control sample [88].

The buffer control is a test condition performed in the absence of added heparin to prove the
absence of donor platelets response with the patient sample without heparin [114].

7.2. Heparin Dependency

To verify that platelet activation/aggregation is FcγRIIa receptor-dependent and to prove the
heparin dependency, two test conditions may be performed as a confirmation step [18]. First, the high
heparin concentration condition disrupts PF4/heparin complexes and prevents the antibody-induced
platelet activation response [18]. Second, the monoclonal antibody IV.3 blocks the FcγRIIa receptor and
inhibits HIT-antibody-mediated platelet activation [18,19]. Heparin at high concentration or monoclonal
antibody IV.3 should be added before donor platelets [18]. IV.3 is tested in the presence of a low heparin
concentration [22], proving that the heparin dependency enhances the specificity of the assay [19,36].

7.3. Positive Controls

An appropriate positive control is required to verify that the platelets are sufficiently reactive
and to ensure that the assay can adequately detect platelet-activating antibodies [68,88,115]. A known
HIT-positive serum/plasma sample should be tested in parallel as standard control response [19].
HIT-positive serum/plasma of well-documented HIT are stored frozen and remain stable for many
years [68]. Studies revealed that HIT sera stored at −70 ◦C continue to react well when used
in the SRA or enzyme-immunoassay (EIA) more than two decades later [32,116,117]. The use
of one or more “strong positive” and one or more “weak positive” HIT sera/plasma have been
recommended [22,32,88,118]. “Strong positive” HIT controls are diluted to obtain “weak positive” HIT
sera/plasma [22]. Weak-positive controls ensure the assay is sensitive enough to detect patients with
HIT and assess variability in assay performance over time [22,118].

In theory, a HIT-mimicking monoclonal antibody may be used as a positive control [32].
For example, KKO, an IgG2bκ antibody [119] or 5B9, an IgG1 antibody (5B9) [91] are two monoclonal
antibodies that activate human platelets through a heparin- and PF4-dependent mechanism that
is mediated through FcγRIIA [91,119]. However, the correlation between the human platelets
responsiveness and the reactivity to HIT antibodies needs to be evaluated to determine if
a HIT-mimicking monoclonal antibody could be valuable in HIT diagnosis.

Platelet activating agonist controls may be used to ensure the good platelet responsiveness [88].
Heat-aggregated human IgG is sometimes used as an immune complex control added with and
without IV.3 to ensure that the platelets respond to an “IgG agonist” and also to validate the FcγRIIa
inhibition step as IV.3 inhibits platelet activation by heat-aggregated IgG [19,22,32,58]. Heat-aggregated
IgG may be prepared from pooled normal sera by heat treatment at 63 ◦C for 20 min, followed by
a 10-min centrifugation at 12,000 g [120]. Donor platelet reactivity may be tested in platelet aggregation
assay with common platelet activators such as ADP, collagen, arachidonic acid or TRAP [33,40,41,77].

Some laboratories proposed a positive IgG-specific anti-PF4/heparin EIA as a quality control to
avoid a false-positive SRA report as incongruous results may occur (i.e., positive SRA in combination
with negative EIA and an atypical clinical presentation) [12,14,22,94,121,122].

8. Other Variations

Donor platelets are incubated with patient serum/plasma and heparin in all functional assays. This
preanalytical step may differ for the agitation force, the incubation time and the incubation temperature
among different functional assays or for the same functional assay. The incubation temperature may
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vary from room temperature [24,27,34,45] to 25–28 ◦C [48,51] to 37 ◦C [45,55]. To agitate, occasional
gentle mixing [24,48], low speed [27], agitation of 1000 rpm [29,34,42] or 1200 rpm [55] are used. The
incubation period may vary from 15 min [41,42] to 20 min [55,56] to 30 min [45,48,51] to 45 min [34]
for up to 60 min [22,27,45]. The ratio of donor platelets to the patient sample is usually 3.75:1 for
washed platelet-based assays [22,27] and usually between 1:0.5 and 1:1 for PRP and whole blood-based
assays [36,39,40,55]. To collect donor platelets, ACD, citrate or hirudin tubes are often used. ACD tubes
are used for washed platelet-based assays [22,27,58]. Citrate tubes are commonly used for PRP or whole
blood-based assays [19,39,42,44,55]. Hirudin tubes are often used preferably for HIMEA as it improves
assay sensitivity [39,89] by avoiding issues of calcium concentrations affecting platelet response (and
also the problem of calcium depletion in under-filled citrate tubes [41]). Heparin tubes are avoided in
order to prevent increase of final heparin concentration in the test.

9. Results Expression

Results expression is specific to the endpoint and the technology used. Functional assays
using the release of radiolabeled or unradiolabeled serotonin as an endpoint (14C-SRA, EIA-SRA,
HPLC-SRA) often express the results as a percentage of serotonin release to account for inter- and
intra-individual variability in platelet serotonin content [25,27]. Expression of raw serotonin values
may be used [24,25,28]. Platelet activation assays measuring ATP release reported luminescence results
in moles of ATP per amount of platelets [29]. HIPA results are expressed as the presence or absence
of a visual platelet aggregation [34]. PAT results are expressed as the area under the aggregation
curve [44] or as percentage of aggregation [40,123]. HIMEA results are most commonly expressed as
the area under the aggregation curve [39,40,42,43]. The aggregation velocity and the lag-time may be
also used [41,89]. Flow cytometry experiments measuring the expression of platelet activation markers
express results as a percentage of activated platelets [46,48–50,124]. Flow cytometry assays that detect
generated PMPs may express results as the amount or the percentage of PMPs [51,58]. For the FcγRIIa
proteolysis assay, results are determined as the percentage of proteolysis [64]. Some studies express
the final results as a ratio between results at the low heparin concentration and at the high heparin
concentration [51,55,56,95] or as a ratio between results at the low heparin concentration and in the
absence of heparin [61]. The ratio low/high heparin concentration takes into account the heparin
dependency confirmation step in the final result expression but is not applicable to each functional
assay as the result at the high heparin concentration may be zero in HIMEA for instance [41].

10. Results Interpretation

According to the results of the test condition and controls, several situations are possible (Table 1).
In the first situation, the results of the functional assay are negative in the absence of added heparin

(buffer control), at the low heparin concentration(s), at the high heparin concentration and with the
monoclonal antibody IV.3. This is observed in the case of a true negative, i.e., the patient has really no
HIT or in the case of a false negative. The latter may occur if the donor platelets were not sufficiently
reactive because the donor is not a good responder to HIT antibodies or because he/she took antiplatelet
agents. Another potential cause is a problem that occurred during the experiment. To avoid a false
negative, it is highly important to obtain platelets from one or more good platelet responder that has been
selected previously. Positive controls performed in parallel are essential to verify that donor platelets
are optimally reactive and that the donor did not fail to mention antiplatelet compounds intake in the
previous days [22]. Positive controls ensure that no technical problem occurs during the experiment and
that the assay can adequately detect platelet activation or aggregation [22,68,88,115].

The second situation occurs in the case of a true HIT because of a positive reaction that occurs only
with the low heparin concentration(s). Absence of platelet reaction with the high heparin concentration
and the monoclonal antibody IV.3 conditions prove that the platelet reaction is heparin-dependent.
The negative response in the absence of added heparin demonstrates that heparin is needed to
activate/aggregate platelets.
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In the third situation, the difference with the HIT laboratory profile is a positive response
occurring in the buffer control. There are at least two potential explanations for strong platelet
activation/aggregation in the absence of added heparin along with an inhibition at high heparin
concentration and by FcγRIIa blocking antibody [36,113,125–131]. First, residual heparin may be
present in the patient sample [109,110]. Second, HIT antibodies that activate platelets even in the
absence of heparin may exist in the patient sample [96,113]. These antibodies are generated in
four syndromes of autoimmune HIT: delayed-onset HIT, persisting HIT, spontaneous HIT syndrome
and fondaparinux-associated HIT [125]. Platelet activation occurs in the absence of heparin because the
HIT antibodies recognize PF4 bound to platelet-associated chondroitin sulfate [125,132]. Delayed-onset
HIT indicates HIT that begins or worsens despite stopping heparin [125,133–135]. Persisting HIT is
a HIT syndrome that takes several weeks to recover [125,128]. Spontaneous HIT syndrome is a disorder
clinically and serologically resembling HIT but without proximate heparin exposure [125–127,136,137].
Fondaparinux-associated HIT is a HIT syndrome that occurs during fondaparinux treatment, the
causal association of fondaparinux and HIT is controversial [138]. These disorders highlight the need
of the buffer control to diagnose them from a typical HIT [114].

In the fourth situation, we observe a platelet activation/aggregation with each condition except
at the high heparin concentration. The platelet response is not inhibited by monoclonal antibody
IV.3 but only by a high heparin concentration. This may be mediated by residual thrombin [58,94].
Indeed, thrombin is a potent platelet activator [64]. This activation progressively decreases from buffer
control to low heparin concentration to high heparin concentration [36]. To prevent this false positive,
heat-inactivation of the patient sample at 56 ◦C before performing the assay is performed [22,27].
Another laboratory practice to inactivate thrombin is to add hirudin to the patient sample [18,34,36,94].
These results may also be obtained with strongly-reacting HIT sera/plasma [94]. Some very strong
HIT samples may induce platelet activation/aggregation that is not inhibited by monoclonal antibody
IV.3 but with a high heparin concentration [36,94]. These strongly-reacting HIT antibodies are able to
activate platelets without heparin [122].

In the fifth situation, a platelet response is observed in each condition except with the monoclonal
antibody IV.3. A potential explanation is the presence of immune complexes in the patient sample such as
heat-aggregated human IgG [22,77,98]. Heat-aggregated IgG may be produced during an inappropriate
heat-inactivation of the patient sample [19,23,36]. They induce FcγRIIa-dependent platelet activation
even in the presence of high heparin concentration but which is inhibited by the monoclonal antibody
IV.3 [98,139]. The reaction profile may also occur in the presence of high-titer HLA class I alloantibodies
as they react with HLA class I antigens present in high density on platelets [36]. Systemic lupus
erythematosus or other platelet-activating factors may also be responsible for this situation [36,78,140].
Inhibition by IV.3 is not entirely specific for the HIT antibody-induced platelet activation [19].

The sixth reaction pattern presents a positive platelet reaction at each condition. This may be
caused by very strong HIT antibodies that activate platelets in the presence of monoclonal antibody
IV.3 but even with a high concentration of heparin [36,68,141].

Thrombotic thrombocytopenic purpura may lead to variable activation in the presence of heparin
that is not inhibited by FcγRIIa-blocking monoclonal antibody [32,63,78]. It has been mentioned that
elevated acute-phase reactant proteins such as fibrinogen, commonly present in plasma from critically
ill patients, may cause heparin-dependent platelet aggregation in PAT [69,142,143].

The result of a functional assay is considered positive if a positive reaction occurs with the low
heparin concentration(s) and is inhibited by the high heparin concentration and by monoclonal antibody
IV.3 (pattern 2 and 3) [19]. The result is considered negative if no platelet activation occurs with no, low
and high heparin concentration and with monoclonal antibody IV.3 (pattern 1) along with an appropriate
reaction of the positive controls. When samples cannot be classified as either positive or negative, they
are designated as “indeterminate results” (patterns 4, 5 and 6) [22]. In these indeterminate reactions,
platelet activation/aggregation occurs with low heparin concentration but is not inhibited by high
heparin concentration and/or IV.3 [64]. Facing an indeterminate result, strategies have been proposed
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in the literature. The first solution is to repeat the experiment with another properly heat-inactivated
sample [19]. On the one hand, a sample not sufficiently heated may still be contaminated by residual
thrombin and induce pattern 4. On the other hand, an overheated sample may contain heat-aggregated
IgG and be responsible of pattern 5 [27]. An interpretable result may be obtained when the assay is
repeated using another heat-inactivated aliquot [94]. The second solution (that may be coupled with
the first solution) is to repeat the assay using different platelet donors; the subsequent test may yield
a clear negative or positive result [32,94]. An explanation is that platelet activation by immune antibodies
such as HLA or thrombotic thrombocytopenic purpura antibodies may be dependent on donor platelet
phenotype [27]. The third solution is to take into account the result of an anti-PF4/heparin EIA to
assess for the presence or absence of anti-PF4/heparin antibodies in indeterminate samples [12,36,94].
EIA assays have a high sensitivity and a negative result essentially rules out HIT [68]. They are often
performed before functional assays as recommended in diagnosis algorithms [5,14]. In case of a positive
EIA, the fourth solution is to retest dilutions of patient samples. A clear HIT pattern of reactivity may be
obtained and indicates that very strong HIT antibodies are present [22,94].

The possible different reaction pattern, caused by other factors than HIT antibodies able to activate
platelets, highlights the importance of running appropriate controls when performing a functional
assay for the diagnosis of HIT.

11. Threshold and Performances

Different ways to determine a threshold in the literature are used to separate positive and
negative platelet reactions. A cut-off may be defined in the laboratory because of its traditional
use in the literature [22,27,144,145]. This is often the case with SRA whose threshold of 20% was
historically defined by Sheridan et al. [23]. However, some authors favor the use of a higher cut-off
of 50% [3,22,32,146] as this better discriminates between HIT and non-HIT thrombocytopenia [3,36].
The mean negative control value + 2 SD [47,112,147] or + 3 SD [24,42] may be used as the threshold.
Some papers suggest that each laboratory should determine its own cut-off based on negative control
using local donors [41,56]. A receiver operating characteristic (ROC) curve analysis is sometimes
performed to determine the threshold value that gives maximal sensitivity and specificity [24,40,95].
Because functional tests are not used as screening tests but as confirmatory tests, a better specificity
should be preferred over a better sensitivity [26,42]. The ROC curve of a functional assay is obtained
against a reference standard. Functional assays, SRA [24,26,42,44,48] or HIPA [95] are sometimes
used as reference in the literature to calculate the performances of the studied functional assay. More
recently, the diagnosis of HIT based on the opinion of two or three independent experts was used as the
reference standard [40,43,56,115,121,124,148]. Experts use all available clinical information, including
follow-up data on each patient with HIT suspicion to make the diagnosis blinded to the results of the
laboratory tests [115]. This expert consensus diagnosis has been questioned in the literature [115,149].
The combination of SRA with EIA has been proposed as a reference standard [68,149]. Clinico-biological
conclusion combining a biological result, such as SRA or HIPA, with clinical parameters has also been
used or proposed as a reference standard [65,115,150]. No universally accepted reference standards to
measure performances of functional assay currently exist [7,151]. Since the studies do not use the same
reference standard, clear-cut definitions of the specificities and sensitivities of the available functional
assays are not given [69]. Moreover, even for the same functional assay, interlaboratory differences in
methodology exist and performances reported by one laboratory do not necessarily apply to others [22].

12. Existing Functional Assays and Their Characteristics

SRA and HIPA are two washed platelet-based assays, often considered as reference standards
for diagnosing HIT [14,18] although no universally accepted gold standard for HIT exists [65].
The reported sensitivity and specificity of SRA and HIPA are over 95% [115,151,152]. HIPA requires no
special equipment and a moderate level of expertise but its activation endpoint is evaluated subjectively
with possible visual interferences (Table 2) [14,36,69].
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SRA is not available in most routine hospital laboratories because it requires the use of radioactive
material with expensive special equipment and a specific license [36,38]. This assay needs a high
level of expertise and is time-consuming [22]. SRA is available to most clinicians only as send-outs to
highly specialized laboratories and it does not provide results in real time necessary to guide initial
management [14,148,152]. Moreover, even if SRA is available in the laboratory, the result may be
obtained with a delay of several days [2]. SRA is not applicable for immediate patient management but
rather for an ultimate HIT diagnosis [22]. Moreover, it has been reported that 10% of samples tested for
HIT with SRA are initially classified as indeterminate which further delays accurate diagnosis [64,94].
SRA may also be performed with PRP [65,153] but this is a less common practice [22,112]. Because
most of the laboratories try to avoid radioactivity for regulatory and safety issues [1] and because
a rapid assay is very desirable in HIT diagnosis, researchers developed and evaluated new techniques.
Alternative “non-radioactive serotonin-release assays” have been proposed in the literature using
ELISA [24–26], HPLC [25–27] or flow cytometry [28]. A common advantage of these techniques
is that they measure endogenous serotonin, avoiding the 14C-serotonin platelet preloading step of
SRA which simplifies the preanalytical procedure. ELISA does not require special equipment except
a microplate spectrophotometer but it is a time-consuming assay procedure [24,25]. HPLC and flow
cytometry are special equipment, with a high initial capital cost, that require technical expertise
but these technologies offer a larger availability compared to a radioactive assay [26]. Studies that
compared non-radioactive serotonin-release assay to SRA demonstrated similar performances [24,27]
but further evaluation is needed. PAT was the first HIT assay described in the literature [37]. PAT has
the advantage of easy handling but its sensitivity and specificity were demonstrated to be inferior
to SRA/HIPA even when good platelet donors were selected [1,14,33,42,69]. HIMEA performed
with whole blood proved to be a more sensitive and specific assay than PAT [40,42,89] and showed
similar performances to SRA [40,42,44,89]. This semi-automated assay has the advantage of being
easy-to-perform, requiring a moderate level of expertise. The equipment needed is a multiple electrode
platelet aggregometer, widely used for antiplatelet treatment monitoring [154] and largely available
in laboratories [39]. Its rapid turnaround time [41,42] and large availability reduce the time taken to
confirm a HIT diagnosis and should have a positive impact on patient management [41]. Working
with whole blood does not require platelet handling and preparation but has the limitation of needing
a compatible blood group donor to avoid an ABO response [40]. More studies are needed to confirm
the equivalence of HIMEA to SRA/HIPA [41]. A standard HIMEA protocol has been proposed by
the SSC of the ISTH to serve as a standard for multicenter studies [41]. ATP release assay is a rapid
and easy-to-perform assay that has been evaluated in one paper for HIT diagnosis [29]. Concordance
with SRA was very good but needs further evaluation [29]. Flow cytometry assays (FCA) measuring
platelet activation markers have been proposed in HIT diagnosis [45–51,95,124]. Studies showed good
correlation between FCA and SRA [48,49], HIPA [50,95] or final clinical HIT diagnosis [124]. Flow
cytometry measuring PMPs was evaluated as a functional assay [51,55–58]. Washed platelets [58],
whole blood [55–57] or PRP [51] were used. Studies showed that PMPs as a platelet activation
endpoint gave comparable results with SRA [55,56,58]. Further studies evaluating flow cytometry in
the diagnosis of HIT are needed [14]. FCA requires high technical expertise and a high initial outlay
on expensive equipment; however, this is cost-effective [48,51,95] and rapid [48,50,51,95,124]. TGA
was investigated in the research setting in one study [61]. Results of the TGA correlated well with
the results of PAT. They concluded that generation of thrombin could potentially be used for the
diagnosis of HIT but needs further evaluation [14]. FcγRIIa proteolysis was shown to be at least as
specific as the SRA for the diagnosis of HIT [64]. This endpoint has the advantage of being specific for
FcγRIIa-mediated platelet activation [64]. For example, thrombin is a potent platelet activator that will
not cause proteolysis of FcγRIIa [64]. DT40-luciferase was proposed as a functional cell-based assay
not requiring donor platelets [65]. The cell line may be stored at −80 ◦C and retrieved as needed. This
assay showed better discrimination than two commercial immunoassays. It is easy-to-perform but not
widely available. Stability of the transfected cell line and larger prospective validation are needed.
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Specialized laboratories use mainly 14C-SRA, HIPA, PAT or HIMEA as a functional assay to
diagnose HIT. Other methods presented in Table 2 are more used in a research perspective but they
may become more available for routine use. Indeed, the evolution of technology and the reduction
of the equipment cost can render some sophisticated techniques more accessible, such as HPLC
(HPLC-SRA) or flow cytometry (FCA-membrane GP, PMPGA, FCA-intraplatelet serotonin).

13. Conclusions

An ideal functional assay would be easy-to-perform, rapid, widely available in real-time,
standardized and would have excellent performance. On-demand HIT testing has the potential
to have a positive clinical and economic impact [155]. In confirmed HIT patients, it improves
clinical outcomes by enabling earlier appropriate treatment and reduce costs by preventing expensive
complications. In non-HIT patients, it could reduce overdiagnosis, unnecessary treatment and
replacement anticoagulant drug costs [65,155]. Practically, few laboratories are currently able
to perform a functional assay [2,42]. Among laboratories performing functional assays, there
is currently a high variability in pre-analytical sample preparation and handling [22], platelet
donors selection, controls performed, heparin concentrations used, testing methodologies and results
interpretation [88]. The variability in HIT functional assays among laboratories reflects the lack of
consensus recommendations on HIT testing and indicates a need for proficiency testing to assess assay
performances [88]. Functional assays with few technical limitations facilitate their standardization and
increase their accessibility in laboratories. Further standardization and evaluation of functional assays
based on consensus guidelines would be valuable for a rapid and accurate diagnosis of HIT.
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The discovery of heparin in 1916 by Jay McLean, a medical student at Johns Hopkins University,
not only provided a universal anticoagulant, but also laid the foundation for the discipline of
hemostasis and thrombosis. Much of what is known today regarding bleeding and thrombotic
disorders is based on the observations and scientific research on heparin and related drugs. The surgical,
interventional, and medical usage of heparin has revolutionized medicine. For over one hundred
years, new discoveries and innovative findings have continued to contribute to the expansion of our
knowledge. The collection of manuscripts in this special issue of Molecules is a testimony of the
continual progress in heparin sciences.

While heparin represents an old drug, the development of newer anticoagulants is primarily
based on the knowledge of the mechanisms of the anticoagulant effects of heparin and related drugs.
The newly developed non-vitamin K oral anticoagulants, including the anti-Xa and anti-IIa agents,
along with the other mono-specific coagulation factor inhibitors, have been conceived based on the
understanding of heparins’s interactions with endogenous inhibitors in plasma. These single targeting
agents, which include rivaroxaban, apixaban, edoxaban, betrixaban and dabigatran are agents with
specific enzyme inhibitory profiles and do not exhibit the polypharmacologic profile of heparin.
The multiple pharmacologic actions of heparin have been addressed for some years, and will continue
to emerge as our knowledge of vascular pathology advances.

Over the last 25 years, several major developments have occurred that have revolutionized
the scientific approaches and the clinical use of heparin and related drugs. The role of some of the
contributors to this volume is demonstrated by the comprehensive manuscripts written by these
leading scientists.

The introduction of fractionated heparins and the subsequent development of low molecular
weight heparins (LMWHs) in the 1980s has added a new dimension to the management of
surgical and medical thrombosis. Eventually, with knowledge of the composition and structure
of LMWHs, synthetic heparins such as the pentasaccharide were developed by French investigators.
Currently, biotechnology-based methods are being employed to design and develop heparin-related
drugs. The identification of the antithrombin region and subsequent synthesis of heparin-related
oligosaccharides such as the pentasaccharide laid the foundation for current research programs on the
development of synthetic heparin mimetics and glycomimetics with broad clinical applications.

The step-wise clinical development of heparin and related drugs from their initial indication
for surgical anticoagulation onwards to medical usage and prophylactic use for post-surgical
thrombosis management played a key role in the expansion of the clinical indications of heparins and
LMWHs. As pleiotropic agents, heparins target multiple sites, and accordingly are relevant in the
management of diverse thrombotic and vascular disorders. Additional indications are established in
the areas of cardiovascular disease, cancer, autoimmune diseases, neurodegenerative diseases and
sepsis-associated coagulopathy. Much of the pharmacology of heparin remains to be explored.
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Heparin is the only parenteral anticoagulant that has a clinically available antagonist, protamine
sulfate. Progress in identifying additional heparin neutralizing agents has been met with limited
success. Approaches such as heparin digesting enzymes including heparinase, recombinant platelet
factor 4, polybrene, synthetic orgamomimetics and chromatographic methods have not provided
clinically favorable results. Thus, protamine sulfate is the only antagonist that is clinically used for
heparin and low molecular weight heparin neutralization.

The global contaminant crisis in 2008 was a wake-up call to all of the scientists, clinicians and
regulatory bodies who use and study heparin. It prompted the establishment of defined guidelines
and quality assurance procedures to confirm the structural integrity and activity of these biological
compounds. With the introduction of methods such as nuclear magnetic resonance (NMR) and mass
spectrometry (MS), the pioneering work of Italian scientists, in particular the Ronzoni Institute (Milan,
Italy), led to the establishment of analytical methods to investigate the structure and corresponding
functional relevance of the components of heparins. Such methods have since been applied to the
quality assurance of heparins and the detection of impurities and contaminants. Through this effort,
the heparins available globally have improved purity and are safer to use. Application of chemometric
techniques and holistic approaches promises to make these analytical methods even more powerful.
Several of the investigators who advanced and validated these methods have contributed to this
special issue.

Heparin has provided a challenging opportunity to both clinicians and scientists for innovative
research that has steadily advanced the therapeutic value of this poly-therapeutic agent. Scientists from
various disciplines have initially focused on improving the isolation, purification and characterization
of heparin and related glycosaminoglycans. The discovery of heparin also laid the foundation for
the recognition of glycosaminoglycans as being of a broad group of biologically active polymers with
functional and structural heterogeneity. This dedicated issue of Molecules is a testimony to these advances.

The contributions compiled in this special issue of Molecules describe a diverse array of basic
science and clinical developments. Heparins have facilitated global scientific and clinical collaborations,
which are also evident in this book. Through the efforts of the scientific group at the Ronzoni Institute, under
the leadership of Professor Casu, the structural and functional relationships of heparins is being established.
Many of the manuscripts in this issue represent collaborative and network-based scientific work.

Advances in technology and innovations in molecular and cellular biology coupled with integrated
approaches have greatly amplified research in heparin related disciplines. Our understanding of the
structure and biology of heparin is far from complete, and will continue to benefit from recent advances
in structural analysis, where NMR methods have played a pivotal role. One of the major areas of
ongoing research relates to the correlation of structure and function, which was perceived by Professor
Casu and his group to be a crucial element in the understanding of heparins.

There have been concerns regarding the supply of unfractionated heparin, which is the only
anticoagulant for surgical and interventional usage. The global porcine mucosal heparin supply is
primarily controlled by Chinese manufacturers. Because of the biological nature of heparin, the US
Congress has expressed concern about the potential shortage of this anticoagulant and its impact on
healthcare https://energycommerce.house.gov/wp-content/uploads/2018/02/20180202FDA.pdf.
The need to find alternate sources for heparin has been emphasized, and the option of reintroducing
bovine heparin has been underscored. Bovine heparin had been used clinically in the initial stages of
the development of this drug; however, because of the concerns over BSE and potential side effects,
it was withdrawn from European and US markets. However, in light of the improved manufacturing
processes and South American origin of the bovine tissue, these concerns may no longer relevant.
Thus, the call for bovine heparin introduction is timely and will provide a reasonable alternate for
porcine heparin. Additionally through further improvement of manufacturing, the potency of bovine
heparin can be enhanced to equal the porcine potency and thus can be regarded as a biosimilar
product. It should be underscored that despite minor structural differences bovine heparin is clinically
comparable to porcine heparin.

279



Molecules 2018, 23, 390

Sheep provide another viable source of this anticoagulant. The sheep heparin is very similar to
porcine heparin and can be manufactured to exhibit a comparable biochemical and pharmacological
profile. Sheep heparins have also been used in the past for clinical usage. Currently sheep heparin is
being developed for clinical purposes. Pre-clinical studies have shown that sheep heparin and low
molecular weight heparins are comparable to their porcine counter-parts. Thus the development of
sheep heparin is also timely and will be complimentary to the development of bovine heparin.

Some of the lead initiatives in heparin research are listed below, and will potentially be the topics
of future manuscripts in Molecules:

1. Improved manufacturing and quality programs for heparins and related drugs. With the
advancement in purification methods and improvements in quality assurance, the heparins available
today are much purer and can be defined in terms of chemical nature and biologic activities.

2. Diversification of the sources for the manufacturing of heparin. Although the currently available
heparin is primarily of porcine origin, additional sources including mamallian tissues and marine
sources are also being used to obtain heparin and LMWHs with comparable biologic properties
to the porcine material.

3. Re-introduction of bovine heparin for clinical use is now being considered by various regulatory
agencies. A dedicated monograph to detail the specifications for bovine heparin has been
introduced by Brazilian regulatory agencies. The USP and other agencies are also working on
specific monographs dedicated to bovine heparin.

4. Molecular and structural analyses of heparin using advanced analytical approaches have
provided additional tools to understand the structural characteristics of this complex
polysaccharide. Biophysical methods have been used to characterize the solution structure
and molecular interaction of heparin related drugs.

5. Therapeutic profiling of non-anticoagulant heparins has been a focus of intense pre-clinical
and clinical research. Novel applications of heparin and non-anticoagulant heparins include
neuromodulation, immunomodulation, and cytoprotection, as well as the treatment of
inflammation and cancer.

6. Biosynthetic and recombinant heparins have been developed. Utilizing hybrid chemo-enzymatic
methods, heparin analogues have been synthesized by various groups. The recombinant
approaches have been of limited value, but may provide enzymes and other resources to
develop bioheparins.

7. Enriched heparins with higher potency have recently been developed utilizingimproved
purification and site-specific sulfation approaches.

8. Development of scientific guidelines to facilitate regulatory compliance and the introduction of
improved and safer products. These guidelines have primarily been developed by clinicians and
scientists with working experience with heparin. Product specifications, potency designation,
biosimilarity and standardization are some of the considerations that will contribute to the
development of safer therapeutic products.

The contributors to this special issue of Molecules represent some of the pioneers and leaders
in their area of expertise. It is hoped that this compilation will also provide an integrated forum to
initiate networking and international collaboration. This collection of articles in the form of a special
issue was developed under the auspices of Ronzoni Institute and Loyola University Chicago. Both of
these institutions are committed to increasing the awareness of heparin and related anticoagulants for
the management of thrombosis and related disorders.
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