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1. General background 

 Glycosaminoglycans (GAGs) 

GAGs are a family linear polysaccharides consisting of repetitive disaccharide units composed by a 

hexosamine (D-glucosamine or D-galactosamine) and an uronic acid sugar (D-glucuronic acid, L-idu-

ronic) or a D-galactose, linked by glycoside linkages1. On the basis of the amino sugar present in 

their chains, GAGs can be classified as glucosaminoglycans (heparin, heparan sulfate, hyaluronic acid 

and keratan sulfate) or galactosaminoglycans (chondroitin sulfate and dermatan sulfate). 

Each GAG is characterized by the prevalent disaccharide repetitive unit, but each single chain gen-

erally contains differently sulfated or acetylated amino sugar or uronic acid. In, the GAGs family 

main and variable repetitive units are reported. 

 

 

Figure 1.1.1 GAGs repetitive units’ structures. 
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The structural heterogeneity of GAGs and their high negative charge density allow these compounds 

to easily interact with proteins, and in fact most of the biological and pharmacological activities of 

GAGs are mediated by their ability in binding proteins such as growth factors, enzymes, morpho-

gens, cell adhesion proteins and cytokines1. 

 

  Heparin: a highly sulfated polysaccharide 

Heparin, first discovered by Jay McLean in 19162, is a member of the GAGs family, and it is one of 

the principal pharmaceutical agents used in the treatment and prevention of blood clots or thrombi, 

and consequently finds widespread application in surgery, in the treatment of heart attacks, in pre-

venting of surface contact-induced clotting during blood dialysis and as coating material for a range 

of medical devices. 

Pharmaceutical heparin is obtained almost exclusively from porcine intestinal mucosa, one pig gut 

yielding in the order of one heparin dose; although there is a predominant repeating unit and many 

similarities between batches, each heparin sample is composed of numerous polysaccharide chains 

that have distinct sequences and lengths. Despite this variability, porcine intestinal mucosa heparin 

remains a reliable and very widely used anticoagulant. 

 

 Heparin structure 

Heparin has the highest negative charge density of any known biological macromolecule thanks to 

the high content of negatively charged sulphated and carboxylic groups. In Figure 1.2.1, a schematic 

representation of the structure of heparin is reported. 
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Figure 1.2.1 The structure of heparin3. 

 

Heparin share a basic chemical structure consisting of N-acetyl-D-glucosamine (GlcNAc) and glucu-

ronic acid (GlcA) units, partly modified by epimerization of GlcA to iduronic acid (IdoA) and by sul-

phation at different positions of mainly GlcNAc and IdoA residues (N-sulphated-D-glucosamine, 

GlcNS and 2-O-sulphated a-L-iduronic acid, IdoA2S respectively, see Figure 1.2.1, panels A and B)4; 

these residues are assembled in two main disaccharide repetitive units, that are essentially assem-

bled in order to form a prevalently sulphated domain (NS) and one prevalently acetylated (NA). 

Moreover, a mixed NA/NS domain is found (see Figure 1.2.1, panel E), obtaining more complex se-

quences, the most significant of which is a pentasaccharide sequence -GlcNAc,6S-G-GlcNS,3S,6S-

I2S-ANS,6S- (AGA*IA, see Figure 1.2.1, panel C) that exhibit high affinity for the serpin Antithrombin 

(III) (AT(III)). The extension of this sequence can produce binding sites that have a greater affinity 

for AT(III) than the canonical pentasaccharide5. As the AGAI*A sequence in a heparin molecule binds 

to AT(III), it induces local conformational changes which improve the fit between protein and ligand; 

in turn, further conformational changes propagate through the protein structure, eventually leading 
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to expulsion of the reactive center loop (RCL)6. This loop contains the apparent protease substrate 

sequence, and its expulsion increases its exposure to the protease. On interaction with the protease 

(thrombin, for example) active site, the loop is cleaved, and thrombin is trapped by a covalent link-

age. At this point, the RCL is incorporated as an extra strand into a beta sheet, pulling with it the 

thrombin, to the opposite end of the antithrombin molecule, both inactivating the thrombin and 

disrupting its structure7. 

Another unsulfated sequence is the linkage region, located at the reducing end of the polymer, the 

site of attachment through a serine residue to the peptide core of the original proteoglycan (see 

Figure 1.2.1, panel D)8. 

Further minor features, strictly arising from the purification process and not related to the biosyn-

thesis of heparin, can be present in commercial drug. Oxidation under alkaline conditions, which is 

used to produce a material without colour that does not cause fever on administration, may also 

induce oxidation at the reducing end of the carbohydrate9,10. 

 

 Heparin biosynthesis 

Heparin is mainly found in mast cells, where it is synthetized and it can interacts with proteins or 

inflammatory mediators; the studies of its biosynthesis started with Jeremiah Silbert’s work on how 

mast cell granule fraction incorporated radioactively labeled UDP-sugars into a polysaccharide that 

was degradable with heparinase11. 

The biosynthesis of heparin occurs primarily in the endoplasmic reticulum and Golgi apparatus of 

mast cells12, and it starts with the formation of the so called linkage region attached to a serine 

residue on a core protein, followed by the addition of D-glucuronic acid (1→4) N-acetyl-D-glucosa-

mine disaccharide units (Figure 1.2.2). 
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Figure 1.2.2 Heparin biosynthesis.13 

 

The linkage region synthesis is catalyzed by four enzymes that add the individual monosaccharide 

the growing chain, first the attachment of xylose (Xyl) followed by a stepwise transfer of two galac-

tose (Gal) and one glucuronic acid (GlcA) residues14; the enzymes implicated in this initialization are, 

in order, a xylosyltransferase, which exists in two isomeric forms, a galactosyltransferase, type I and 

type II, and glucuronyltransferase, that has only one form15–17. Then, the elongation continues with 

the addition of a N-acetyl-D-glucosamine (GlcNAc), followed by the addition of alternating glucu-

ronate and N-acetyl-glucosamine residues14. The elongation of the chain leads to the formation of 

a polysaccharide with a molecular weight of 60-100 kDa, whereas, the range of the commercial API 

lies between 15-20 kDa. 

The biosynthesis is mediated by a total of 12 enzymes involved in sulfonation and epimerization 

processes (listed in Figure 1.2.2), and thanks to the isoforms of these enzymes, heparin results as a 

heterogeneous polysaccharide. The degree of sulfation and the localization of the sulfate residues 

determines heparin final spectrum of activity; upon mast cell degranulation, peptidoglycan heparin 

is transformed to the GAG heparin through the action of proteases and β-endo glucuronidase. 

The substrate specificity of the various enzyme varies according to the organ and the animal species, 

but the causes of these differences are not yet known4. 

 

 Source of heparin 

The original tissue from which heparin was extracted was dog liver, but this source was deemed 

unsuitable for large-scale production. The use of bovine liver, and then of bovine lung, allowed more 

of drug to be produced, which was first marketed in 1939 as a pharmaceutical product in USA. 
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Bovine lung continued as a source of heparin until the mid-1950s, when porcine and bovine intesti-

nal mucosa were introduced as alternative sources, porcine mucosal heparin was subsequently 

found to be a cleaner and less expensive source tissue, requiring fewer steps in the extraction and 

purification processes than bovine lung heparin18,19. 

The appearance of the Bovine Spongiform Encephalopathy (BSE) in Europe in the 1990s and the 

concerns of prion contamination decreased the worldwide production and use of bovine heparin 

drastically, owing to fears of “mad cow disease”, and of ovine heparin, following concerns of over 

scrapie20. The production of bovine heparin in currently restricted to South America and some Is-

lamic countries, while the ovine heparin is confined almost exclusively to laboratory studies, 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 market21. 

Heparin derived  from different animal sources or different organs of the same animal contains a 

number of subtle structural features. Notably, bovine lung heparin contains much more of the tri-

sulfated disaccharide I2S-ANS,6S than porcine mucosal one, while bovine mucosal heparin exhibits 

lower sulfation at the 6-O position of the glucosamine residues than either bovine lung or porcine 

mucosal heparins, as well as more sulfation at the 2-O position of the glucuronic acid residue22–24. 

Finally, recent works have demonstrated the existence of different AT(III)-binding pentasaccharide 

variants with diverse non-reducing reducing end extensions; their molecular ratios provide further 

fingerprints of the structural diversity among heparins of different origins5,23–27. 

 

 The anticoagulant mechanism of heparin 

Heparin exerts its anticoagulant activity mainly thanks to its ability to bind and to enhance the in-

hibitory activity of the plasma protein antithrombin (AT(III)), member of the serpins’ family, against 

several serine proteases of the coagulation system, most importantly factors IIa (thrombin), Xa and 

IXa28. Protein proteinase inhibitors of the serpin superfamily play a critical role in regulating protein-

ases in diverse physiologic processes such as development, wound healing and the immune re-

sponse; the family name is an acronym for serine proteinase inhibitor, but it is now well established 

that serpins inhibit proteinases of both the serine and cysteine mechanistic classes29–31. 
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In vivo, free flowing of blood depends on the balance of pro-coagulant and anticoagulant processes. 

A complex network of serine proteases, acting in an amplification cascade, converts pro-enzymes 

to their active form (see Figure 1.2.3) 

 

 

Figure 1.2.3 Iteraction of heparin with the natural coagulation system28  

 

This coagulation cascade is activated when there is an injury to the vasculature, so that the serine 

proteases are exposed to pro-coagulant stimuli such as tissue factor and collagen. Several natural 

or endogenous anticoagulant proteins, which include AT(III), heparin co-factor II (HCII), protein C 

inhibitor (PCI) and tissue factor pathway inhibitor (TFPI), are also in place to regulate the formation 

of thrombin28. These inhibitors are found at a higher total concentration than the proteases and 

under normal physiological condition act to keep the clot local to the wound by mopping up any 

proteases straying into the rest of the vasculature. 

AT(III) is best known as the major heparin co-factor in the inhibition of the coagulation proteases, 

particularly factors Xa and IIa; nowadays, it is well-known that antithrombin binds with high affinity 

to a specific, unusual pentasaccharide sequence in heparin composed by 6-sulftated-N-acetylated 

-D-glucosamine (DGlcNAc(6S)), -D-glucuronic acid (DGlcA), N,3,6-sulftated -D-glucosamine 

(DGlcNS(3S,6S)), L-iduronic acid (LIdoA) and N,6-sulfated -D-glucosamine (DGlcNS(6S)), also 

called AGA*IA; the structure of this sequence is showed in Figure 1.2.4. 
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Figure 1.2.4 AT(III) heparin binding site 

 

As the high-affinity pentasaccharide sequence in a heparin molecule binds to antithrombin, it in-

duces local conformational changes which improve the fit between protein and ligand; in turn, fur-

ther conformational changes propagate through the protein structure, eventually leading to expul-

sion of the reactive centre loop (RCL); this loop contains the apparent protease substrate sequence, 

and its expulsion increases its exposure to the protease6. On interaction with the protease (throm-

bin, for example) active site, the loop is cleaved, and thrombin is trapped by a covalent linkage. At 

this point, the RCL is incorporated as an extra strand into a beta sheet, pulling with it the thrombin, 

to the opposite end of the antithrombin molecule, both inactivating the thrombin and disrupting its 

structure7. The same mechanism is valid for factor Xa (fXa), but there are substantial differences 

between the way thrombin and fXa engage with heparin activated antithrombin, as was initially 

indicated by detailed kinetic studies32. In fact, it has been found that fXa interacts with antithrombin 

not only through the RCL, but in addition at a specific exosite. This direct protein–protein interaction 

is the basis for the specificity of antithrombin for fXa33. Thrombin does not bind to the same exosite; 

instead it binds, rather non-specifically, to the same heparin molecule as is bound to antithrombin. 

This extra interaction means that a heparin molecule needs to be long enough to reach both pro-

teins; in practice, this needs a chain of about 13 monosaccharide units attached at the non-reducing 

end of the AT-binding pentasaccharide sequence28. 

Apart from factors Xa and IIa, fIXa is a very important contributor; it binds to the same exosite of 

antithrombin, though in a somewhat different orientation, and as for fXa the heparin-induced un-

folding of the reactive loop exposes the exosite as well as presenting the pseudo-substrate to the 

enzyme’s active site34. 

Factor XIa, a less significant contributor to the anticoagulant action of heparin/antithrombin is struc-

turally different from other coagulation proteases; heparin accelerates the inhibition of fXIa by both 

antithrombin and protein C inhibitor, and though heparin binding to the enzyme is involved, this 

O

O

CH
2
OSO

3
-

NHSO
3
-

OSO
3
-

O

OSO
3
-

CO
2
-

OH
O

O

CH
2
OSO

3
-

NHSO
3
-

OHO

O

CH
2
OSO

3
-

NHAc

OH O

CO
2
-

O

OH

OH
O

SO
3
-/

A G A* I A

O

O

CH
2
OSO

3
-

NHSO
3
-

OSO
3
-

O

OSO
3
-

CO
2
-

OHOH
O

O

CH
2
OSO

3
-

NHSO
3
-

OHO

O

CH
2
OSO

3
-

NHAc

OH O

CO
2
-

O

OH

OHOH
O

SO
3
-/

A G A* I A



~ 16 ~ 

 
 

 

seems to be more complex than is the case for other coagulation proteases and is not only a straight-

forward template mechanism35. 

In addition to antithrombin, Heparin Cofactor II is a single chain glycoprotein that is a member of 

the serine protease inhibitor family, with structural similarities to antithrombin36. In coagulation 

heparin cofactor II selectively inhibits thrombin by formation of a stoichiometric 1:1 covalent bimo-

lecular complex in the absence or presence of heparin. The binding of heparin to heparin cofactor II 

is analogous to heparin and antithrombin binding, and both serpins have similarities in their reactive 

site peptide structure37,38. 

Protein C is a vitamin K-dependent factor, which is activated by thrombin, forming the so-called 

Activated protein C (APC), which acts as an anticoagulant by inactivating factors Va and VIIIa in the 

presence of a co-factor (protein S), and, when complexed with endothelial protein C receptor, elicits 

a cytoprotective effect through modulation of expression of genes related to anti-inflammatory and 

anti-apoptotic pathways39. The activity of APC is mainly regulated by protein C inhibitor (PCI), an 

inhibitor from the serpin family, and heparin can influence PCI activity not only by potentiation of 

antithrombin inhibition of thrombin, but also through its interaction with PCI. It is interesting that 

the inhibition of thrombin would lead to a decrease in activation of protein C, thereby limiting the 

inactivation of fVa and fVIIIa. In addition, heparin has been shown to inhibit the inactivation of factor 

Va by APC40. 

Tissue factor pathway inhibitor is a pleiotropic serine protease inhibitor. Apart from being the main 

physiological inhibitor of the extrinsic coagulation pathway, it also has important influence in lipid 

metabolism, innate immunity and angiogenesis41. It has high affinity for heparin, essential for the 

expression of its anticoagulant activity; binding and fXa inhibition studies of heparin oligosaccha-

rides and recombinant TFPI indicated that a dodecasaccharide is the minimum sugar chain length 

that will enhance the inhibitory activity of TFPI and that saccharide units greater than an octadeca-

saccharide are needed to achieve full potentiation, as observed with unfractionated heparin42. 

 

  Low Molecular Weight Heparins (LMWHs) 

The Low Molecular Weight Heparins (LMWHs), derived from heparin through different depolymer-

ization processes, possess several therapeutic advantages and reduced side effects compared to 

heparin, maintaining substantially similar monosaccharide composition and oligosaccharide 
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sequences to heparin43. Owing to their lower molecular weight compared to the parent heparins, 

LMWHs can claim a more predictable pharmacological profile, better bioavailability and longer half-

life44. The structural heterogeneity that is biosynthetically imprinted, as well as the introduction of 

additional chemical diversity induced by the depolymerization process, make their structure even 

more complex than that of heparin45. 

 

 Production of LMWHs 

Three major strategies are used to prepare LMWHs, and these are depolymerization by chemical 

deamination and -elimination, either enzymatically or chemically45. In Figure 1.3.1, a schematic 

view of the reactions involved in the LMWHs preparation with the name assumed by the related 

process, is reported. 

 

 

Figure 1.3.1 Summary of the various methods used to produce LMWHs.45 
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The chemical -eliminative method to produce enoxaparin (A) is based on cleavage, in alkaline me-

dium, of the benzyl ester of heparin, which is formed by treatment of the heparin benzethonium 

salt with benzyl chloride46. Under these conditions, -elimination generates an unsaturated uronate 

residue at the non-reducing end and an N-sulfo-glucosamine at the reducing end. Similarly, in enzy-

matic depolymerization (B), the action of heparinase I generates an unsaturated uronate residue at 

the nonreducing position. However, this residue is mostly 2-O-sulfated due to the preference of the 

enzyme for the –GlcNNS–IdoA2S– sequence47. 

Heparin undergoes nitrosylation at the amino group of N-sulfo-glucosamine (C); the unstable N-

nitroso-sulfonamide residues rearranged to generate a carbocation in C2 and the subsequent ring-

contraction and hydrolysis of the adjacent glycosidic bond generate an anhydromannose residue, 

that is stabilized by reduction with NaBH4 to form a terminal anhydromannitol residue48. 

Heparin can also be oxidatively depolymerized using oxygen radicals generated by different meth-

ods such as hydrogen peroxide or ionizing g-irradiation (D)49–51. More specifically, in the case of 

parnaparin, hydrogen peroxide is decomposed in a water solution in the presence of catalytic 

amount of a transition metal of a low oxidation number (copper II). The strongly electrophilic hy-

droxyl radical generated by the process easily abstracts hydrogen from alcohols, ethers, and amides, 

inducing fragmentation of sugar residues and the consequent depolymerization of the chain. This 

cleavage generates oligomers with both even and odd number of residues52,53. 

 

 Structural differences between LMWHs 

In principle, LMWHs should differ from their parent heparin only by their molecular weight, which 

is usually about one third of that of the original UFH. The internal structure of LMWHs should es-

sentially be the same as that of the original UFH in terms of monosaccharide composition, substitu-

tion pattern, and oligosaccharide sequence45. Even under the assumption that depolymerization 

processes did not modify the internal structure, procedures involved in the manufacturing of 

LMWHs (see Figure 1.3.1) cause some structural modifications of the monosaccharidic units at the 

site of cleavage and are characteristic of each depolymerization procedure. Other differences, re-

garding the percentage of constituent saccharides and their sulfation pattern, can also be related to 

both the process and the structural features of the parent UFH used for the LMWH preparation54. 
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 LMWHs vs UFH 

In contrast to UFH, LMWHs have a lower affinity to bind plasma proteins, endothelial cells (ECs) and 

macrophages. This difference in binding profile explains the pharmacokinetic variances observed 

between LMWHs and UFH. The binding of UFH to plasma proteins reduces its anticoagulant activity, 

which combined with the variations in plasma concentration of heparin-binding proteins, is re-

flected in its unpredictable anticoagulant response55. 

The main advantages in using LMWHs in respect to the UFH are listed in Table 1.3.1. 

 

Table 1.3.1 Comparison between UFH and LMWH 

UFH LMWHs 

o Higher plasma protein binding o Lower plasma protein binding 
o Lower bioavailability  o Higher bioavailability 

o Administered in hospital as continuous 
infusion by healthcare professional 

o Easy administration (subcutaneous) di-
rectly by patients 

o Need monitoring and dosing adjust-
ments 

o No monitoring requirements, with 
fixed or weight-based dosing 

o Require 5-7 days in hospital o No hospitalization requirements 
o Risk of thrombocytopenia and 

osteoporosis 
o Decreased risk of adverse events 

o Cheap, but not cost-effective 
o Demonstrated pharmacoeconomic 

benefits 
 

LMWHs exhibit improved subcutaneous bioavailability, lower protein binding, variable number of 

AT(III) binding sites, variable GAG content, variable anti-serine protease activities, variable potency 

in releasing tissue factor pathway inhibitor and variable levels of vascular EC binding kinetics56–59. 

For these reasons, over the last decades LMWHs have increasingly replaced UFH in the prevention 

and treatment of venous thromboembolic disorders (VTE). Randomized clinical trials have demon-

strated that individual LMWHs used at optimized dosages are at least as effective as UFH, and prob-

ably safer43. The convenient once or twice daily subcutaneous dosing regimen without the need for 

monitoring, has encouraged the wide use of LMWHs; it is well established that different LMWHs 

vary in their physical and chemical properties due to the differences in their manufacturing methods 

and these variances corresponds to variances in their pharmacodynamic and pharmacokinetic char-

acteristic57. The World Health Organization (WHO) and the USA Food and Drugs Administration 

(FDA) regard LMWHs as individual drugs that cannot be used interchangeably57. 
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Bioavailability of LMWHs after administration is greater than UFH and was determined to be be-

tween approximately 87-98%; UFH, by contrast, has a bioavailability only of 15-25% approxi-

mately55. LMWHs have biological t1/2 (based on anti-Xa clearance) nearly double that of UFH, and it 

is between about 100 and 360 min, depending on the administration (if intravenous or subcutane-

ous); the anti-Xa activity persists longer than AT(III) activity, which reflects the faster clearance of 

UFH60. 

LMWH, in doses based on patient weight, needs no monitoring, thanks to its better bioavailability, 

longer plasma t1/2 and more predictable anticoagulant response in comparison with UFH; though 

LMWHs are more expensive than UFH, both a pilot study and pharmacoeconomic studies in pediat-

ric patients found that their subcutaneous administration reduce the number of necessary labora-

tory assays, nursing hours and phlebotomy time61. 

 

  Heparin therapy side effects 

All the adverse effects of heparins are related to their wide variety of biological activities, with bleed-

ing being the most important safety issue, resulting directly from the potency of heparin as an anti-

coagulant62. This anticoagulant activity is mainly caused by heparin molecules with high affinity to 

antithrombin AT(III), which amount to only 30–50% of UFH and less than 20% of LMWHs63. The 

incidence of bleeding under heparin therapy is hard to define, as it depends on numerous parame-

ters including the indication, dosage, method, and duration of heparin application, the clinical study 

design and definition of bleeding, patient characteristics and determinants of bleeding such as type 

of surgery and co-medication. 

Nonbleeding complications as well as other beneficial activities are caused by binding of heparin 

molecules to proteins other than AT and cells, whereby the structural requirements for many of 

such interactions are unknown64. Generally, the binding tendency of the negatively charged heparin 

molecules increases with their chain length. As is known with UFH, competing binding partners may 

even interfere with the high-affinity binding to AT and thus reduce the anticoagulant effect65. These 

so-called “nonspecific bindings” are much less pronounced with LMWHs, which results not only in 

improved effect-based pharmacokinetics, but also may explain their reduced risk of nonbleeding 

complications. 
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Nonbleeding complications must be regarded in terms of their incidence and severity66. The prime 

example for a major adverse effect of UFH is immune heparin-induced thrombocytopenia (HIT). HIT 

is an uncommon but potentially life-threatening complication so that it has to be considered in every 

patient treated with UFH. HIT typically occurs in the second week of heparin therapy. Antibody-

mediated platelet activation and consequent thrombin generation result in a fundamental paradox: 

despite thrombocytopenia induced by an anticoagulant, the major clinical effect in HIT is a substan-

tially enhanced risk for venous and/or arterial thrombosis67. 

Osteoporosis is a systemic skeletal disease characterized by low bone mass and micro-architectural 

deterioration resulting in increased bone fragility and a consequent increase in fracture risk68; it 

represents the most common serious side effect of long-term use of UFH69. Osteoporosis should be 

monitored in all pregnant or elderly patients who require long-term heparin anticoagulation (e.g., 

1–2 weeks or longer), although it might be reversible. 

In recent years, the most frequent unwanted side effects of heparins were reported to be cutaneous 

delayed-type hypersensitivity reactions70. Traditionally, three types of cutaneous reactions were 

distinguished71: urticarial lesions (immediate hypersensitivity reactions); erythematous papules and 

plaques (delayed-type hypersensitivity reactions); skin necrosis (most serious dermal reactions). 

Typically, skin lesions develop >5 days following subcutaneous administration and occur at the sites 

of heparin injection, although some reports have implicated skin necrosis at sites remote from hep-

arin injection71. Although they are usually not life-threatening, they need attention, since they im-

pair the compliance of the patients and may lead to discontinuation of important anticoagulant 

therapy. Minor elevations of potassium levels or liver transaminases occur often as well, but they 

are of little clinical relevance in most patients. In these cases, routine monitoring of potassium levels 

is not necessary. 

  



~ 22 ~ 

 
 

 

2. Objectives of the thesis 

The present PhD work has two main and quite different objectives: the first one to provide and 

improve adequate molecular weight distribution evaluation methods for polysaccharides and their 

mixtures, the second one to elucidates more in depth the interaction between a particular chemo-

kine protein called Platelet Factor 4 (PF4) and different polyelectrolytes. 

Polysaccharides are heterogeneous and polydisperse compounds, and a correct and reliable molec-

ular weight distribution evaluation is of fundamental importance as it is one of the main parameters 

that determines their biological functions or applications. Regulatory Entities as the United States 

Pharmacopoeia (USP) or the European Pharmacopoeia (Ph. Eur.) provide methods for its evaluation 

that vary on the basis of the compound under investigations, and in the particular case of heparin, 

all of these “monographs” use Size Exclusion Chromatography technique (SEC, see Chapter 3.1.3), 

associated to the so-called “Conventional Calibration”, that will be elucidated more in detail further 

(see Chapter 3.1.6); one of the main drawbacks of this kind of calibrations is that they are relative, 

so if it is not always easy to achieve the correct set of standards, and in this sense the use of a “Light 

Scattering Calibration” (see Chapter 3.1.5) could provide some advantages. 

The importance of Heparin/PF4 interaction characterization relies in the fact that from it a complex 

is formed, gaining to one of the worst side effect of the heparin therapy, called Heparin-Induced 

Thrombocytopenia (HIT, see Chapter 4.1), a thrombotic disorder that in some cases leads to the 

death of the patient. A prompt and rapid recognition of HIT so is fundamental, with a consequent 

immediate cessation of the heparin therapy, followed by the initiation of an alternative anticoagu-

lant non-heparin therapy. In this sense, the use of GAGs mixtures as the Sulodexide (SLDX, Chapter 

4.4), or completely different polymers, like the Defibrotide (DFT, Chapter 5) can be valid options in 

the HIT management. Moreover, the setup of chemical-physical methods suitable for evaluating the 

complex heparin/PF4, like the Photon Correlation Spectroscopy (PCS), the Zeta Potential evaluation 

techniques or the Isothermal Titration Calorimetry (ITC, see Chapter 4.2) could be useful for modu-

lating not only the dosage of heparin but also for evaluating different PF4/compounds interaction. 
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3. Chromatographic characterization of GAGs 

 Molecular weight and its distribution determination 

One of the most fundamental parameters that characterize a macromolecule complex like a poly-

saccharide is its molecular weight or relative molecular mass principally because of four basic prop-

erties: 

o They are polydisperse, that is consist of species of different molecular weight; 

o They are highly non-ideal in the thermodynamic sense, which means firstly that they have a 

high thermodynamic exclusion volume resulting from large asymmetry of high solvent affin-

ity and secondly that they have a polyelectrolyte behavior; 

o They have a conformation in solution that is difficult to define or determine with precision; 

o Some polysaccharides self-associate forming aggregates, particularly at higher solute con-

centrations. 

Indeed, a single determination of an average molecular weight or its distribution requires a research 

project of some difficulty and duration. These difficulties are unfortunate since knowledge of the 

molecular weights of polysaccharides is in general of fundamental importance for the understand-

ing of their biotechnological applications and their role in living systems. 

 

 Heterogeneity and Polydispersion 

Polysaccharides are heterogeneous substances, and by heterogeneity means any deviation from 

single molecular weight behavior of a polysaccharide preparation, no matter what the cause of the 

variation may be72. 

The molecular weight heterogeneity of polysaccharides can be described by several types of average 

molecular weights, and the principals are the number average (Mn), the weight average (Mw) and 

the Z-average (Mz), which are described by the following formulas: 
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where ni is the number of components of an ensemble macromolecules characterized by a molecu-

lar weight Mi
73

. 

Polydispersion is in many cases reported as the ratio Mw/Mn, and is often referred to as “polydis-

persion index” by commercial manufacturers of polysaccharides74. Its value can be estimated from 

Gel Permeation Chromatography (GPC) or from absolute methods for molecular weight determina-

tion and can provide a useful rule of thumb as to whether the material is “polydisperse” (Mw/Mn 

≥1.6) or “monodisperse” (Mw/Mn ≤1.1) but should never be substituted for the characterization of 

the whole molecular weight distribution. 

 

 Concentration measurement 

Determination of weight concentrations precisely is not easy for polysaccharides; errors can largely 

be minimized in sedimentation velocity or diffusion coefficient determination through “serial dilu-

tion” extrapolation to zero concentration, although it will affect the evaluation of other parameters 

like the refractive index increment (dn/dc), determined from the slope of a refractive index vs con-

centration curve74. 

The correction for moisture content in polysaccharides is most frequently done by drying the sample 

in a dessicator until a constant weight is achieved, although in many cases samples are strongly 

hygroscopic. A given determination of the molecular weight for a polysaccharide preparation has 

therefore a rather uncertainty associated to the concentration determination. The use of detectors 

like UV or refractive index (RI) detectors, with an adequate calibration, is very useful for the correct 

determination of samples’ concentration75. 

 

 Gel Permeation Chromatography 

Among the techniques available to provide information about the whole molecular weight distribu-

tion, calibrated Gel Permeation Chromatography (GPC) has been the most popular in the field of 

polysaccharides74. When the stationary phase in the column is carefully selected and when 
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adequate calibration methods and data handling procedures are applied, this approach has the po-

tential of resolving the “true” molecular weight distribution. 

In GPC, components migrate through the column matrix with different velocities, and consequently 

elute at different times after injection (see Figure 3.1.1). 

 

 

Figure 3.1.1 GPC elution principle 

 

The difference in migration after samples injection (Figure 3.1.1, A) velocities occurs due to reten-

tion of the molecules by the stationary phase; ideally, it depends on the hydrodynamic volume (vh) 

of the molecules relative to the accessible pore volume for the given vh. For molecular species with 

vh in excess of the largest available pore size of the stationary phase, the separation is due to the 

steric exclusion of the polymer molecules from the particle walls. As a result, the molecules with the 

higher vh, that are not retained in the stationary phase’s pores, tend to be faster than the smaller 

ones, so the two species will separate during the elution (Figure 3.1.1, B). 

Polymers ideally elute as a sharp peak at an elution volume determined by its characteristic migra-

tion velocity (Figure 3.1.1, C and D); in practice this is not observed due to different broadening 
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mechanisms. This implies that the chromatographic profile elutes with a Gaussian bell-shape where 

the maximum of the peak represents the most probable molecular weight and its width its distribu-

tion. 

 

 Detectors for GPC 

Typical detectors used are refractive index detectors (RI), ultraviolet (UV), or light scattering detec-

tors (LSD), and each of these detectors has its advantages and disadvantages. 

RI is the most common detector for the GPC technique; it is based on the deflection of a beam of 

light as it passes through a dual compartment flow cell76. The deflection of the beam is measured 

by two photodiodes in a differential circuit. One side of the cell compartment contains the reference 

solvent of refractive index n0, which is static during the measurement process. The other side con-

tains the sample solution, i.e. the column eluent, having refractive index n. The beam is refracted at 

the liquid-glass interfaces that separate the two compartments and also at the liquid-glass interface 

on the exit wall, and again at the glass-air interface on the exit wall. 

UV detectors are used for both natural (peptides, proteins) and synthetic macromolecules77. Detec-

tion at one specific wavelength is often fully sufficient and the majority of applications can therefore 

be run with single wavelength UV–vis detectors. Dual wavelength detection can be applied in pro-

tein analysis to additionally quantitate the amount of protein in the solution. The peptide bonds 

absorb at around 205 nm. Detection at 214 nm and 280 nm allows more detail to be obtained as 

UV–vis absorbance between different proteins varies strongly at 280 nm and is related to the actual 

content of tyrosine, tryptophan, and cysteine. 

Photodiode array detectors (PDAs or DADs), which can scan a selectable range of wavelengths, are 

quite common in HPLC. However, there is only a limited number of applications in GPC/SEC where 

this functionality is required. In those applications spectra are used to identify oligomeric species, 

for example, in wood resins or polymer additives. Additional concentration detectors (RIs) are often 

used to obtain the molar mass distribution results simultaneously to the spectral information. Some-

times the PDA/DAD scan functionality is used to determine a wavelength that can later be used for 

the specific detection. However, in all cases of UV–vis detection, users should verify upfront that all 

analyte components can be detected. UV–vis detection alone has a high risk of undetected 
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components because many macromolecules do not exhibit any chromophores. The verification can 

be done with the additional use of an RI detector. 

 

 GPC coupled with a Triple Detector Array (TDA) 

Triple Detection GPC/SEC is a well-established technique for the accurate and complete characteri-

zation of macromolecules. One of the advantages of a triple detector array (TDA) assembly is that 

chromatographic calibrations are not necessary78. The three detector employed in this technique 

are a RI or a PDA (described in section 3.1.4), a Light Scattering and a Viscometer, that will described 

next. The angular dissymmetry in the scattered intensity of light is accounted for by using the com-

bined measurements of intrinsic viscosity and 90° light scattering intensity. The viscometer detector 

is also useful for determining the size of molecules in solution and particularly of small polymer 

molecules for which scattering dissymmetry is not observable. The molecular size can then be re-

lated to the secondary structure of a polymer, either in terms of chain stiffness or conformation. 

 

3.1.5.1. Static Light Scattering theory 

When a solution is illuminated with a beam of light at wavelength , the polymer chains will scatter 

light in direct proportion to their weight-average molecular mass and, moreover, the angular de-

pendence of the scattered light at low angles can be related to the “hydrodynamic radius” (Rh)74. 

The advantages of using a light scattering (LS) detector in GPC/SEC are well documented, but in 

summary the LS detector allows the direct measurement of the sample molecular weight without 

recourse to calibration of the elution volume of the columns with a series of standards (conventional 

calibration). 

There are three types of LS detectors commercially available, right-angle light scattering (RALS, 

measuring at 90°), low-angle light scattering (LALS, measuring at <10°) and multi-angle light scatter-

ing (MALS, measuring at 2 or more angles typically 20-160°). 

The principles of the triple detection calculations, once molecular weight is determined at each data 

slice by RALS, MALS or LALS, is identical. The only difference is in the accuracy of the molecular 

weight value depending on its origin. 
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In 1871, Lord Rayleigh published the theory of the scattering of light by free and independent mov-

ing gaseous particles much smaller than the light . For a small particle in the limit of infinite dilu-

tion, the ratio of the intensities between unpolarized incident light (I) and scattered light (Is) is: 
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where n0 is the refractive index of the solvent, dn/dc is the specific refractive index increment of the 

solute-solvent system, Θ is the angle of observation, NA is the Avogadro number,  is the wavelength 

of incident light and r is the distance between the sample and the detector. Simplifying: 
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where RΘ is called the Rayleigh ratio, and it corresponds to the signal obtained by the detector. 

For larger molecules there will be more than one point in each molecule that will scatter light, mak-

ing the angular dependence more complex. 

In general, the light scattering theory is valid for polyelectrolytes if neutral salts are added to the 

system, for example in the mobile phase. However, some precautions specific to the light scattering 

system should be taken. When determining dn/dc of a polyelectrolyte, this should be done in the 

same salt system as used in the GPC experiment; moreover, measurements of the difference in the 

refractive index of the polyelectrolytes and the solvent should be carried out at constant chemical 

potential of both the polyelectrolyte and the salt molecules. This means that the polyelectrolyte 

solutions must be extensively dialyzed against the solvent or, if the sample is solid, dissolved in the 

same solvent used for GPC experiment. 

 

3.1.5.2. Viscometer 

Intrinsic viscosity is a measure of the molecular density of a polymer molecule. A low intrinsic vis-

cosity represents a compact, dense molecule, while a high intrinsic viscosity represents a larger 

more open molecular structure. The structure of a molecule at a given molecular weight will affect 

that molecule’s contribution to the viscosity of the solution by a given amount, assuming no 
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interaction between it and other molecules. Measurement of solution viscosity as sample concen-

tration changes at low concentrations is then a way to calculate the intrinsic viscosity of a sample. 

The viscometer achieves this by measuring the viscosity of the sample solution at concentrations 

assumed to be low enough to avoid interaction between the sample molecules. 

The most common viscometer design is the 4-capillary bridge design invented by Haney (Figure 

3.1.2)80. 

 

Figure 3.1.2 Capillary viscometer 

 

Four capillary tubes R1–R4 with internal diameters of approximately 0.25 mm are arranged in a 

balanced bridge configuration, analogous to the Wheatstone bridge common in electrical circuits. 

Differential pressure transducers measure the pressure difference DP (differential pressure) across 

the midpoint of the bridge and the pressure difference IP (inlet pressure) from inlet to outlet. A 

delay volume is inserted in the circuit before capillary R4, in order to provide a reference flow of 

solvent through R4 during elution of the polymer sample. The requirements of the delay volume 

are: It must have internal volume larger than the net elution volume of the GPC column. The flow 

resistance must be negligible compared to the capillary resistances. 

The capillary tubes are chosen so that the flow resistances are as equal as possible. In this case, the 

DP output signal will be nearly zero and most of the pump pulsations will be cancelled out in the 

differential bridge measurement. DP will respond to the viscosity of the sample as it elutes from the 

GPC. The first peak corresponds to the sample as it elutes into capillaries R1, R2 and R3, while solvent 
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flows through capillary R4. The second, negative peak is the breakthrough in the delay volume. At 

this point in time, R4 contains the sample and R1, R2 and R3 contain solvent. The breakthrough peak 

is not required for the calculation and is simply an artefact of the measurement. The position of this 

artefact peak can be simply controlled by the size of the delay volume and the length of the analyt-

ical run so that it does not interfere with the analytical peak and is fully eluted before the next 

sample. 

The earliest use of the viscometer detector was for Universal Calibration, a column calibration 

method of determining molecular weight distribution that does not require the standards and sam-

ples to have identical structures (see next paragraph). 

 

 Calibration with Standards 

An experimental elution profile obtained from a concentration sensitive detector can be converted 

to a molecular weight distribution when the system is properly calibrated; the earliest attempts 

were based on calibration procedures where standards, either synthetic polymers or dextrans, were 

utilized. 

Calibration using “narrow standards”, that are monodisperse certified substances characterized by 

sharp chromatographic profiles, is also called the “Conventional narrow standard calibration” or 

“peak-position method” technique, and it is considered a relative calibration because the molecular 

weights obtained are strictly related to the calibrant. In other words, the sample injected that eluted 

at the same retention volume of the standard is supposed to have the same molecular weight dis-

tribution. After running the series of narrow standards, a polynomial fit is then performed, (usually 

third or fifth order), and the resulting log M vs. retention time (or volume) calibration curve is plot-

ted. (see Figure 3.1.3).  
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Figure 3.1.3 Narrow standards set calibration curve. 

 

There are a few narrow standards available for organic GPC, such as poly(methylmethacrylates), 

polyisoprenes, polybutadienes, poly(THF), but certainly polystyrene is the major narrow standard 

used for organic GPC analysis. In the case of aqueous GPC, poly(ethylene oxides) are the most widely 

used, along with poly(ethylene glycols) for low molecular weight, and the pullulans, which are pol-

ysaccharides based on triose structures. The peak position method is considered as one of the best 

methods to obtain calibration equations81. The experimental limitations in applying the peak-posi-

tion offline calibration method are mainly in the experimental uncertainty in the molecular weight 

and peak position determination of the standards. Error propagation to the M averages of unknown 

sample have been studied using computer generated data, and show that the relative error is larger 

the higher the molecular weight moment81. 

Calibration using “broad molecular weight standards”, that are very polydisperse certified sub-

stances with precisely quantified molecular weight fractions and large chromatographic profiles, is 

a relative calibration as well as the narrow standards one. Broad standard can be purchased from a 

variety of different vendors, and the standard should be well characterized, i.e. the number, weight, 
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and possibly viscosity average molecular weights have been determined by alternative methods. 

The advantage to this is being able to use a polymer that has the same structure as the unknown 

samples being analysed day in and day out. The resulting calibration curve will consist of the data 

points for each average molecular weight (Mwi) vs the volume or retention time (Figure 3.1.4). 

 

 

Figure 3.1.4 Broad standard calibration curve 

 

The concept of Universal Calibration was introduced by Benoit, et. al. in 196782. Instead of plotting 

the log molecular weight of a series of narrow standards vs. retention, the log of the product of the 

intrinsic viscosity [η] and Mw is plotted vs. retention (Figure 3.1.5). 
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Figure 3.1.5 Universal calibration plot 

 

The [η]Mw product is related to the hydrodynamic volume. Benoit found that plotting a series of 

hydrodynamic volume values for a variety of narrow standards resulted in a singular calibration 

curve. In other words, all of the points fit the same curve. Once this "Universal" calibration has been 

established, any random coil polymer can be run in the appropriate solvent, and the molecular 

weight determined based on the Universal curve. After establishing the Universal curve, we can also 

plot the log of the intrinsic viscosity vs. the log of the molecular weight for the narrow standards. 

This plot is called the viscosity law plot, or, the Mark-Houwink plot, that is showed in Figure 3.1.6 

with the related equation. 

 

 

Figure 3.1.6 Mark-Houwink plot 
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This Universal Calibration concept has wide applicability, especially for random coil type polymers, 

which represents the majority of polymers being analysed today. 

 

 Selection of column type and material 

Manufacturers of commercial column material provide separation ranges for their different prod-

ucts mainly in terms of separation ranges valid for globular proteins or dextrans74. It is well docu-

mented that most polysaccharides have more extended conformations than the highly flexible and 

branched dextran molecules, and certainly more extended than the compact globular proteins. The 

hydrodynamic volume of the stiffer polysaccharides is therefore larger than the corresponding mo-

lecular weight of dextrans, and so the separation is expected to differ. It is a necessary requirement 

that the molecular weight range in the sample is within the separation range for the column material 

to be able to separate on molecular weight and thereby obtain the molecular weight distribution. 

Based on the principle of universal calibration, separation ranges for different column materials 

have been converted from those of dextrans to other polysaccharides and became narrower the 

stiffer the polysaccharide. 

A proper determination of the void volume, i.e. the elution volume for totally excluded polysaccha-

rides, using a very high molecular weight preparation, and the total volume, using a very low mo-

lecular weight compound, is necessary to ensure that the chosen column is able to resolve the mo-

lecular weight distribution of interest. By combining different columns in series it is possible to im-

prove the linearity of the separation range and the effective separation range when the pore size 

distributions of the two columns are properly adjusted each other83. This will, firstly, diminish the 

resolution and, secondly, not increase the upper resolution limit of column with the largest resolu-

tion limit, that is one of the limiting factors in characterization using GPC of high molecular weight 

polysaccharides. 

The selection of the column material is in many cases balanced by the two mutually excluding aims 

of having the highest possible resolution and a wide as possible separation range. Typical GPC sta-

tionary phases are either silica-based or polymer-based, and the polarity of the stationary phase 

should be similar to the polarity of the sample and solvent to ensure a pure size-based separation 

and to suppress undesired interactions. Silica-based columns, thanks to their high resolving power, 

are suitable for the separation of monodisperse biopolymers such as proteins and nucleic acids; 
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they can feature low adsorption and well-defined pore size distribution and generally speaking they 

can be considered the leading GPC columns in bioanalysis. Polymeric-based columns are packed 

with hydrophilic, rigid polymethacrylate beads. They are commonly used for the separation of syn-

thetic water-soluble polymers because they exhibit a much larger separation range, better linearity 

of calibration curves, and less adsorption than the silica-based one; polymeric-based columns have 

demonstrated good results for small peptides (<1,000 Da), protein aggregates, DNA fragments, and 

viruses. 

 

 Molecular weight characterization of Bovine and Porcine Heparin samples: chro-

matographic conditions comparison. 

 Introduction 

As already mentioned before, heparin is a linear polysaccharide consisting of GlcNAc and GlcA units, 

partly modified by IdoA and by sulfation at different positions of mainly GlcNAc and IdoA residues4. 

It exerts anticoagulant properties and can be obtained in commercial quantities as a “crude” from 

intestinal mucosa (cow, pig, and sheep) and lung (cow). 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, but their removal from the market increased the demand for porcine heparin84. Currently, 

porcine intestine is the primary source of heparin worldwide, and the only one for enoxaparin85; in 

addition, more of the 50 % of porcine heparin production derives form only one country21. In late 

2007 and early 2008, a cluster of “allergic type” adverse effects in patients receiving Heparin Sodium 

Injection occurred in the United States and in some countries in Europe, an event known as the 

Global Heparin Crisis; the main reason that leads to heparin contamination was the presence of the 

semisynthetic over-sulfated chondroitin sulfate (OSCS), an inexpensive adulterant with anticoagu-

lant activity86. After the global crisis, arises the strong interest from regulatory agencies in broaden-

ing the source of heparin, particularly in the reintroduction of bovine deriving drugs already licensed 

for use in several countries in the world. 

The different tissues and/or species sources lead to different heparin degrees of sulfation and acet-

ylation, molecular weight, and anticoagulant activity5,23,87–89. The chemical conditions under which 
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heparins are isolated can also result in structural modifications and altered functional characteristics 

of the final product, but this correlation is not completely clear90. It is known, however, that specific 

activities of bovine and porcine heparins are considerably different; in e.g., the potency of bovine 

heparins is typically 30–50% less than that of porcine derived heparin91. Such differences in activity 

may complicate the dosing of such drugs and may limit a clinician's ability to interchange different 

heparins. 

As a therapeutic agent, heparin may be characterized by several physical-chemical techniques as 

osmosis, static or dynamic light scattering or viscometry (not described here), including chromato-

graphic methods for the measurement of molecular weight, spectroscopic techniques, separation 

methods for whole polysaccharides, as well as for oligo and monosaccharides and mass spectromet-

ric methods for mapping and sequence analysis. Focusing the attention on the molecular weight, 

due to polysaccharide heterogeneous structure this parameter cannot be described by a single num-

ber. The measurement of molecular weight for heparin is usually, in fact, based on the experimental 

estimation of the molecular volume in solution, usually by gel permeation chromatography (GPC) 

or occasionally by electrophoretic methods92. UFH contains a little material below 3.0 and above 

100.0 kDa, with a mean between 10.0 and 20.0 kDa depending on the tissue and species of origin 

and the method of preparation92. Actually, the most useful method for the measurement of UFH 

molecular weight is GPC with some form of light scattering detector78, a technique that does not 

require a chromatographic calibration, because the molecular weight distribution obtained is abso-

lute (see section 3.1.5), but most of the pharmacopeial chromatographic assays for the molecular 

weight distributions of heparin still utilize relative calibrations with an UV or a Refractive Index de-

tector, in which are employed narrow standard calibrants prepared from native heparin by fraction-

ation, or broad standards, polydisperse samples that can be used to determine the relationship be-

tween molecular weight and retention time in a specific chromatographic system93. This second 

standard type is used for the identification of heparin sodium in the related USP monograph94, and 

the associated calibration curve is generated by inspection of the integrated chromatogram to find 

the retention time at which the proportions above and below particular molecular weights match 

the values provided in the table specific to that calibrant. Of course, to ensure a correct resolution 

of the broad standard chromatogram, the use of silica columns is required, for which the great ad-

vantage of high resolution is countered by very short life time and many problems of compatibility 
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with samples (interactions, pH, and so on); furthermore, conventional calibrations curves are used 

for relative molecular weight distribution evaluation, so adequate calibration standards are needed. 

 

 Aim of the work 

As fully described in 3.1 section, the molecular weight distribution of polysaccharides, which are 

very complex and heterogeneous macromolecules, is a fundamental parameter and its determina-

tion is of great importance, in order to fully understand their biotechnological applications. 

In the context of obtaining consensus molecular weight data to generate proposed acceptance cri-

teria for potency and identification assays, we compare the conventional USP calibration method94 

to a light-scattering method; moreover, an evaluation of silica and polymeric columns chromato-

graphic performances was done95. As underlined above, the selection of the column material must 

be balanced by the need of having the highest possible resolution and a wide as possible separation 

range; in the present case, the necessity of highly performant columns like the silica-based is not 

required, but the focus is to obtain acceptable chromatographic profiles sufficient to correctly eval-

uate the molecular weight distribution. 

The study also involved the comparison of heparin sodium of bovine intestinal origin with that of 

bovine lung and porcine intestinal origin. 

 

 Materials and methods 

3.2.3.1. Samples in analysis 

A panel of twenty heparin sodium samples from bovine intestinal mucosa, two from bovine lung 

and two samples from porcine intestinal mucosa were analysed; in Table 3.2.1, the complete list of 

the samples, with the assigned Ronzoni code and source, are reported. Moreover, the “USP Heparin 

Sodium Identification Reference Standard” (USP RS) was analysed as a molecular weight distribution 

system suitability sample, as reported in the official USP calibration method94. 
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Table 3.2.1 List of analysed samples  

Ronzoni code Source 

G11588 Bovine Intestine 

G11589 Bovine Intestine 

G11590 Bovine Intestine 

G11591 Bovine Intestine 

G11592 Bovine Intestine 

G11593 Bovine Intestine 

G11594 Bovine Intestine 

G11595 Bovine Lung 

G11596 Bovine Lung 

G11597 Porcine Intestine 

G11740 Bovine Intestine 

G11741 Bovine Intestine 

G11742 Bovine Intestine 

G11743 Bovine Intestine 

G11744 Bovine Intestine 

G11745 Bovine Intestine 

G11746 Bovine Intestine 

G11747 Bovine Intestine 

G11748 Bovine Intestine 

G11749 Bovine Intestine 

G11750 Bovine Intestine 

G11751 Bovine Intestine 

G11752 Bovine Intestine 

G11753 Porcine Intestine 

 

3.2.3.2. Chromatographic conditions 

At this stage, not only the comparison of the different columns material, but also the optimization 

of the sample resolution was taken into account, and in these terms, polymeric columns with dif-

ferent pore and particle sizes were used, two columns in series, in particular, for polymeric station-

ary phase TSKG2500PWXL + TSKG3000PWXL and TSKG4000PWXL + TSKG3000PXL were chosen, and 
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2 x PLS5030 and TSKG4000SWXL + TSKG3000SWXL, both benches preceded by a TSKGel Guard Col-

umn SWXL, were selected as silica type. Two different temperatures (30 and 40°C) and two different 

injection volumes (20 and 100 l) were also tested, using two mobile phases: 0.1 M ammonium 

acetate + 0.02 % sodium azide and 0.1 M sodium nitrate + 0.05 % sodium azide; to perform the 

analysis, a Viscotek TDA model 305, equipped with Refractive Index, Right Angle Light Scattering 

and Viscometer was used. In Table 3.2.2, the complete list of all the chromatographic conditions 

tested (at least 12 different methods) are reported. 

 

Table 3.2.2 Summary of the methods used for chromatographic conditions comparison 

Method Column Set* Mobile Phase T (C°) 
Injection 

Volume 
Detector 

1 A 0.1 M NH4Ac + 0.02 % NaN3 30 °C 20 l Refractive Index 

2 B 0.1 M NH4Ac + 0.02 % NaN3 30 °C 100 l Light Scattering 

3 C 0.1 M NH4Ac + 0.02 % NaN3 30 °C 20 l Refractive Index 

4 C 0.1 M NaNO3 + 0.05 % NaN3 30 °C 20 l Refractive Index 

5 C 0.1 M NaNO3 + 0.05 % NaN3 40 °C 100 l Light Scattering 

6 C 0.1 M NH4Ac + 0.02 % NaN3 30 °C 100 l Light Scattering 

7 C 0.1 M NH4Ac + 0.02 % NaN3 40 °C 100 l Light Scattering 

8 D 0.1 M NH4Ac + 0.02 % NaN3 30 °C 20 l Refractive Index 

9 D 0.1 M NaNO3 + 0.05 % NaN3 30 °C 20 l Refractive Index 

10 D 0.1 M NaNO3 + 0.05 % NaN3 40 °C 100 l Light Scattering 

11 D 0.1 M NH4Ac + 0.02 % NaN3 30 °C 100 l Light Scattering 

12 D 0.1 M NH4Ac + 0.02 % NaN3 40 °C 100 l Light Scattering 

*TSKG4000SWXL + TSKG3000SWXL = A; 2 x PLS5030 = B; TSKG2500PWXL + TSKG3000PWXL = C; TSKG4000PWXL + 

TSKG3000PWXL = D 

 

Method number one refers to USP monograph for Heparin Sodium Identification94. The differences 

in columns pore and particle sizes are, instead, reported in 

Table 3.2.3. 
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Table 3.2.3 Columns specifications 

Column Pore size (nm) Particle size (m) 

TSKG2500PWXL < 20 7 

TSKG3000PWXL 20 7 

TSKG4000PWXL < 50 10 

TSKG3000SWXL 25 5 

TSKG4000SWXL 45 8 

PLS5030 30 5 

 

3.2.3.3. Samples preparation and analysis 

Each sample, including the USP RS, was dissolved at about 5 mg/ml in mobile phase and, after 1 h 

under stirring, injected in twice; different solutions of samples were prepared for all the 12 different 

methods. Analysis time was of 50 and 60 minutes for respectively polymeric and silica columns 

methods. 

 

3.2.3.4. Chromatograms acquisition and analysis elaboration 

For each sample, the two injections mean results of the weight-average molecular weight (Mw, Da), 

the percentage of heparin with molecular weight in the range 8000 to 16000 (M8000- 16000), the 

percentage of heparin with molecular weight in the range 16000 to 24000 (M16000-24000) and the 

percentage of heparin with molecular weight greater than 24000 (M24000) were measured. For 

Refractive Index methods, the broad standard USP Heparin Sodium Molecular Weight Calibrant RS 

was used to perform the chromatographic conventional calibration; instead, the Light Scattering 

detector does not require a chromatographic calibration, because the molecular weight distribution 

obtained is absolute78, and in this case only an instrumental calibration for the determination of the 

detector constants and for detectors’ profiles alignment. For this purpose, a polyethylene oxide 

(PEO) standard, of known Mw, polydispersity, and intrinsic viscosity was used. When the Light Scat-

tering detector is involved, two different dn/dc values, 0.13 for 0.1 M sodium nitrate + 0.05 % so-

dium azide as mobile phase, and 0.128 for 0.1 M ammonium acetate + 0.02 % sodium azide as mo-

bile phase were used, both experimentally determined. 
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The chromatographic profiles were elaborated using suitable GPC software: for methods 1, 5, 6, 7, 

10, 11 and 12 Clarity version 6.1 was used, and for methods 2, 3, 4, 8 and 9 OmniSEC version 4.6.2 

was used. 

 

 Results and discussion 

Before to start with the analysis of all the 24 heparin panels, the suitability of the conditions selected 

was tested int terms of comparison of columns sets, of different temperatures (only for polymeric 

columns) and of different mobile phases. 

 

3.2.4.1. Assessment of chromatographic conditions suitability 

At this stage, the chromatographic performances were compared, with the goal of determine 

whether polymeric columns might have acceptable chromatographic properties in respect of silica-

based columns for heparin sodium molecular weight determination. The comparison was made in 

terms of: 

o Resolution quality of the heparin profile and its separation from mobile phase or other salts 

peak; 

o Molecular weight distribution evaluation; 

o Temperatures and mobile phases variances (only on polymeric benches, using columns set 

C). 

Chromatographic performances were in-depth investigated using columns sets B, C and D (see  

Table 3.2.3) and G11588 as a random heparin sample. The bench A was not tested in this sense due 

to its already known use as recommended column bench by, in e.g., USP. 

Starting with the columns performances comparison, 100 l of about 5 mg/ml solutions of G11588 

were injected using Light Scattering detector, instrument temperature of 30°C and ammonium ac-

etate + 0.02 % sodium azide as mobile phase (respectively methods 6, 11 and 2); although typical 

injection volumes of only 20 l are sufficient for an adequate chromatographic analysis, higher vol-

umes are needed to obtain good Light Scattering profiles. The resulted chromatographic profiles 

obtained respectively with polymeric (panels A and B, respectively column sets C and D) and silica 

columns (panel C), are reported in Figure 3.2.1. 
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Figure 3.2.1 Example of heparin chromatograms (G11588) obtained with polymeric columns (TSKG2500PWXL+TSKG3000PWXL 

and TSKG4000PWXL+TSKG3000PWXL, panels A and B respectively) and silica columns (2xPLS5030, panel C). 

 

The three panels contain three chromatographic profiles obtained with the response of the three 

different detectors: red the Refractive Index, blue the Viscometer and green the Right-Angle Light 
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Scattering; using both columns types, a single peak with the characteristic bell-shape is gained with 

a good separation from the salts or mobile phase signals that eluted with greater retention times 

(these secondary profiles are not considered in the molecular weight evaluation), index of the res-

olution suitability of all the conditions used. The main differences observed are a change in the re-

tention time, mainly due to the different pore and particle sizes of the columns’ benches (a consid-

eration that can only be done on sets C and D, due to the presence of a guard column applied on 

bench B, that of course prolonged elution volume), and the width of the heparin profile, that, as 

expected, enlarge a lot for the silica type. 

On the polymeric columns’ retention time difference, as just said, on the set D heparin eluted later 

and this observation is also correlated to the mobile phase and salts peaks, that maintained quite 

the same shift to greater retention time; this column bench is the one with the higher pore and 

particle sizes. Furthermore, heparin set C profile is sharper than D, and this could be an index of less 

resolution performances of this set. Anyway, none of the two polymeric benches are able to gain 

the same broad peak as silica column type but for our purpose this fact is not so chief, since the TDA 

technique has the great advantage of a not-so-high resolution requirement of the sample profile, 

but only an acceptable separation from mobile phase and other salts. A last consideration is in the 

Light Scattering detector signal, that is slightly noisier and unstable in panel C than in panels A and 

B and this could be due to a bleeding phenomenon that was already observed by using silica column 

types. 

The molecular weight distribution resulted from the analysis is reported in Table 3.2.4, in terms of 

weight-average molecular weight (Mw, Da), number-average molecular weight (Mn, Da) and poly-

dispersion index (Mw/Mn). Results were rounded to the next 100 Da. 

 

Table 3.2.4 Columns sets performances comparison 

COLUMNS SET Mw (Da) Mn (Da) Mw/Mn 

C 14700 12000 1.22 
D 15100 13000 1.16 
B 16600 13500 1.23 

 

Even though the sharper chromatographic profile, set C Mw/Mn is the same as B one, but with both 

Mw and Mn quite significantly lower; on the other hand, set D has a slightly less polydisperse but 
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with quite similar molecular weight values as set B, in particular the Mn one. Overall, at this stage 

we consider the three chromatographic conditions tested suitable for further investigations. 

We then move to test if different temperatures could in some way change the heparin chromato-

graphic profile or its molecular weight distribution. It is, well-known that one of the main difficulty 

in achieving both high-speed and high-resolution separation in SEC is the slow mass transfer of the 

large solutes between the interstitial space and the pore space, and in this terms, varying the tem-

perature could be a valuable parameter: as the temperature increases, the mobile phase viscosity 

decreases, and the analytes diffusivity improves96. To check the temperature effect on heparin anal-

ysis, the same G11588 was injected at 30°C and 40°C on columns set C (TSKG2500PWXL + 

TSKG3000PWXL), respectively the USP declared temperature and a condition already known to be 

suitable for polysaccharides’ evaluation78; the related chromatographic Refractive Index overlay is 

reported in Figure 3.2.2, while the molecular weight distribution result is reported in Table 3.2.5. 

 

 

Figure 3.2.2 Refractive Index overlay of G11588 analysis. 

 

Table 3.2.5 Temperatue influence test results obtained by G11588 analysis. 

TEMPERATURE (°C) Mw (Da) Mn (Da) Mw/Mn 

30 14700 12000 1.22 
40 15800 12200 1.29 

 

As it is shown in Figure 3.2.2, neither the heparin elution time nor the chromatographic resolution 

are affected by the temperature changes, so the two profiles are perfectly overlapped; a very minor 
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shift of mobile phase was observed, but it is not relevant. On the other hand, a variation in the 

molecular weight distribution is appreciated, in particular the polydispersion is increased, and this 

observation is on-line with the what mentioned above on the analytes’ diffusivity improvement due 

to higher temperatures. 

Last but not least, two different mobile phases were investigated, in particular the 0.1 M ammonium 

acetate + 0.02 % sodium azide, that is the one used in the Heparin Sodium Identification USP Mon-

ograph, and the 0.1 M sodium nitrate + 0.05 % sodium azide, one of the most used aqueous solution 

in Ronzoni Institute polysaccharides analysis methods; the two mobile phases are characterized by 

similar pH (6.8 and 6.9 respectively), but slightly different conductivity (approximately 6.3 and 8.7 

mS/cm respectively). The reason in comparing different mobile phases originates from the assump-

tion that any change in its composition strongly influences the hydrodynamic volumes of the solutes 

and thus affects the conclusions drawn on the solute molecular masses97. Again, G11588 was tested 

on columns set C, and the related chromatographic Refractive Index overlay is reported in Figure 

3.2.3, while the molecular weight distribution result is reported in Table 3.2.6. 

 

 

Figure 3.2.3 Refractive Index overlay of G11588 analysis. 
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Table 3.2.6 Mobile phase influence test results obtained by G11588 analysis. 

MOBILE PHASE Mw (Da) Mn (Da) Mw/Mn 

0.1 SODIUM NITRATE 15500 12000 1.29 
0.1 AMMONIUM ACETATE 15800 12200 1.29 

 

By the results, a slight shift to greater retention times of both heparin and minor salts profiles in 0.1 

ammonium acetate was appreciated, and of course different signals for the mobile phase were ob-

tained. It also seems that in this condition the sample peak is slightly broader, particularly on the 

low molecular chain part, but this is only a qualitative consideration and the polydispersion index, 

in fact, is the same for both conditions used. 

As a final consideration about this first part, all of the chromatographic conditions tested were used 

for further investigations on the 24-heparins panel, because all of them demonstrated to be suitable 

for heparin analysis; nonetheless, some variations were observed, and it will be interesting to see if 

these changes are reproducible or it was just a matter of one sample. 

 

3.2.4.2. Comparison of 24 heparins panel 

After the assessment of the suitability of the chromatographic conditions used in the present work, 

all of the heparin samples listed in Table 3.2.1, with the addition of one USP Heparin Sodium Iden-

tification RS, were analyzed using different chromatographic conditions (see Table 3.2.2), with the 

purpose of comparing the conventional USP calibration method to a Light Scattering method. First 

were performed the analysis with silica columns sets A and B (respectively Methods 1 and 2), and 

then with polymer column set C (Methods from 3 to 7) and finally with polymer column set D (Meth-

ods from 8 to 12). The chromatographic profiles overlay of the USP Heparin Sodium Identification 

RS is reported in Figure 3.2.4. Once again, its elution peak is always 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). 



~ 47 ~ 

 
 

 

 

Figure 3.2.4 USP Heparin Sodium Identification RS Refractive Index profiles overlay. 



~ 48 ~ 

 
 

 

After acquisition, data were elaborated using suitable GPC software, as described in 3.2.3; results 

for weight average molecular weight (Mw, Da) of the heparin samples, percentage of chains above 

24 kDa (M24000) and the ratio M8000–16000/M16000–24000 are reported respectively in Table 

3.2.7, Table 3.2.8 and Table 3.2.9. 

 



~ 49 ~ 

 
 

 

Table 3.2.7 Weight average molecular weight (Mw) results of heparin samples. (inside the brackets, the standard deviation) 

 Methods 

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

G11588 14700 (125) 16600 (380) 14700 (8) 14200 (22) 15500 (29) 14700 (8) 15800 (6) 14700 (4) 14600 (1) 14800 (21) 15100 (3) 15300 (0) 

G11589 15600 (146) 17500 (171) 15300 (5) 14700 (15) 16100 (11) 15300 (11) 16400 (28) 15600 (1) 15100 (11) 15300 (14) 15500 (3) 15900 (4) 

G11590 15800 (39) 17700 (80) 15700 (14) 15100 (8) 16300 (13) 15300 (26) 16600 (6) 15700 (1) 15500 (6) 15500 (23) 15700 (3) 16100 (4) 

G11591 15900 (89) 17600 (49) 15400 (27) 14900 (8) 16200 (4) 15400 (20) 16600 (1) 15700 (8) 15400 (1) 15500 (1) 15700 (2) 15900 (1) 

G11592 13800 (278) 15700 (24) 14000 (12) 13600 (41) 14700 (14) 14100 (85) 15000 (15) 13800 (5) 13800 (1) 14100 (1) 14100 (6) 14400 (11) 

G11593 14600 (233) 16600 (76) 14400 (32) 14200 (18) 15600 (16) 14900 (6) 15900 (2) 14600 (1) 14600 (4) 14800 (4) 15000 (1) 15300 (11) 

G11594 14100 (98) 15900 (23) 13900 (27) 13600 (11) 14700 (10) 14000 (17) 15000 (4) 14000 (1) 13900 (1) 13700 (8) 14200 (4) 14300 (2) 

G11595 12800 (127) 14900 (9) 12600 (19) 12600 (38) 14300 (20) 13600 (17) 14500 (7) 12900 (3) 12900 (0) 13600 (9) 13800 (6) 14100 (8) 

G11596 13400 (314) 15500 (226) 13000 (1) 12800 (16) 14600 (4) 14100 (35) 14900 (7) 13300 (5) 13100 (1) 14000 (8) 14300 (4) 14500 (1) 

G11597 16200 (289) 18100 (4) 16000 (44) 15400 (27) 16600 (2) 16100 (32) 17000 (16) 16100 (6) 15800 (7) 15900 (7) 16200 (1) 16600 (4) 

G11740 15800 (37) N.A. 15600 (16) 15500 (27) 16700 (2) 16000 (40) 17100 (3) 15900 (7) 16000 (1) 16000 (3) 16100 (1) 16600 (8) 

G11741 15000 (124) N.A. 14900 (60) 14800 (4) 15800 (6) 15100 (31) 16100 (5) 15100 (3) 15100 (3) 15000 (3) 15300 (4) 15700 (1) 

G11742 15400 (6) N.A. 15200 (4) 15000 (9) 16200 (30) 15600 (3) 16600 (15) 15400 (11) 15300 (0) 15500 (4) 15700 (8) 16100 (1) 

G11743 16300 (3) N.A. 16400 (8) 16000 (2) 17300 (16) 16700 (1) 17700 (4) 16600 (1) 16400 12) 16600 (1) 16800 (4) 17100 (1) 

G11744 16200 (13) N.A. 16200 (16) 15900 (6) 17000 (8) 16500 (4) 17500 (4) 16400 (4) 16300 (6) 16400 (4) 16500 (1) 17000 (5) 

G11745 20100 (100) N.A. 19800 (22) 19600 (10) 21100 (20) 20200 (2) 21500 (1) 20600 (5) 20100 (20) 20400 (4) 20600 (5) 21200 (3) 

G11746 17600 (54) N.A. 17600 (4) 17000 (1) 18400 (19) 17800 (35) 18900 (4) 17700 (3) 17600 (4) 17900 (33) 17800 (1) 18400 (1) 

G11747 17700 (93) N.A. 17500 (40) 17100 (8) 18600 (26) 18300 (27) 19100 (1) 18000 (5) 17700 (1) 17900 (23) 18100 (7) 18600 (3) 

G11748 17500 (50) N.A. 17400 (18) 17000 (6) 18400 (12) 18200 (16) 18800 (14) 17800 (8) 17600 (1) 17800 (16) 17900 (5) 18300 (1) 

G11749 17100 (31) N.A. 17000 (66) 16400 (12) 18800 (6) 18500 (27) 19300 (44) 17200 (8) 17100 (10) 18100 (1) 18300 (4) 18900 (4) 

G11750 17900 (80) N.A. 18000 (56) 16900 (1) 19600 (1) 19600 (4) 20300 (3) 18000 (4) 17600 (26) 18900 (6) 19000 (1) 19700 (5) 

G11751 19400 (11) N.A. 19400 (7) 18300 (6) 21200 (16) 21000 (34) 21900 (10) 19700 (5) 19600 (6) 20700 (2) 20500 (0) 21400 (1) 

G11752 20800 (57) N.A. 20600 (13) 19800 (5) 23400 (8) 23100 (8) 24300 (63) 21000 (76) 21100 (5) 22600 (11) 22800 (6) 23600 (1) 

G11753 15600 (13) N.A. 15500 (1) 15200 (8) 16500 (6) 16400 (23) 17100 (4) 15700 (2) 15600 (6) 16100 (1) 16200 (7) 16600 (3) 
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Table 3.2.8 Percentage of chains above 24000 Da (M24000) (inside the brackets, the standard deviation) 

 Methods 

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

G11588 8.51 (0.51) 14.61 (0.12) 8.62 (0.37) 7.80 (0.08) 12.57 (0.08) 9.54 (0.19) 13.37 (0.11) 8.78 (0.08) 8.80 (0.06) 8.94 (0.21) 8.44 (0.19) 10.11 (0.01) 

G11589 10.73 (0.25) 16.93 (0.22) 10.18 (0.08) 9.05 (0.02) 14.19 (0.13) 11.03 (0.08) 15.32 (0.06) 10.69 (0.18) 10.15 (0.01) 10.64 (0.02) 9.68 (0.06) 11.79 (0.06) 

G11590 11.17 (0.08) 18.80 (0.04) 11.21 (0.05) 9.59 (0.10) 14.20 (0.19) 10.85 (0.16) 15.42 (0.28) 11.10 (0.13) 10.70 (0.03) 10.70 (0.16) 10.08 (0.37) 12.28 (0.15) 

G11591 11.36 (0.18) 18.37 (0.15) 10.48 (0.07) 9.49 (0.03) 14.27 (0.29) 11.03 (0.19) 15.53 (0.03) 11.12 (0.02) 10.60 (0.08) 10.92 (0.21) 9.83 (0.21) 12.03 (0.18) 

G11592 7.09 (0.83) 13.91 (0.06) 7.72 (0.02) 6.89 (0.02) 11.37 (0.08) 8.49 (0.10) 12.04 (0.01) 7.81 (0.04) 7.60 (0.07) 8.23 (0.36) 6.96 (0.11) 8.75 (0.48) 

G11593 8.44 (0.38) 16.28 (0.06) 8.64 (0.06) 8.19 (0.13) 12.96 (0.15) 9.91 (0.07) 14.08 (0.07) 9.37 (0.02) 9.18 (0.22) 9.56 (0.13) 8.95 (0.23) 10.43 (0.11) 

G11594 8.04 (0.12) 14.08 (0.11) 8.09 (0.08) 7.39 (0.03) 11.70 (0.21) 8.74 (0.11) 12.52 (0.16) 8.51 (0.04) 8.17 (0.08) 8.11 (0.00) 7.95 (0.25) 9.29 (0.05) 

G11595 6.75 (0.33) 14.68 (0.25) 6.21 (0.02) 6.26 (0.16) 12.36 (0.06) 9.73 (0.04) 13.16 (0.01) 7.27 (0.04) 7.23 (0.00) 9.14 (0.26) 8.91 (0.33) 10.53 (0.71) 

G11596 7.87 (0.49) 15.70 (0.13) 6.88 (0.02) 6.98 (0.08) 13.52 (0.10) 11.36 (0.36) 14.54 (0.01) 8.23 (0.09) 7.84 (0.02) 10.83 (0.21) 10.92 (0.09) 12.10 (0.16) 

G11597 9.80 (0.44) 16.91 (0.09) 10.08 (0.28) 8.49 (0.28) 13.71 (0.40) 9.21 (0.23) 15.38 (0.16) 9.38 (0.04) 8.26 (0.08) 7.36 (0.01) 7.04 (0.18) 8.91 (0.25) 

G11740 11.03 (0.01) N.A. 10.77 (0.02) 10.55 (0.11) 15.76 (0.09) 12.30 (0.16) 17.02 (0.17) 11.66 (0.08) 11.57 (0.16) 12.03 (0.18) 11.41 (0.28) 13.60 (0.16) 

G11741 8.27 (0.35) N.A. 8.26 (0.19) 8.05 (0.04) 12.84 (0.06) 9.62 (0.13) 13.79 (0.43) 8.82 (0.02) 8.74 (0.11) 8.47 (0.11) 8.38 (0.04) 10.08 (0.25) 

G11742 9.15 (0.11) N.A. 8.94 (0.01) 8.72 (0.04) 13.77 (0.05) 10.49 (0.17) 14.90 (0.05) 9.80 (0.04) 9.46 (0.06) 9.40 (0.19) 9.55 (0.30) 11.26 (0.21) 

G11743 11.32 0.01) N.A. 11.80 (0.10) 10.89 (0.00) 16.30 (0.22) 12.06 (0.08) 17.68 (0.19) 12.31 (0.04) 11.72 (0.10) 11.54 (0.18) 10.72 (0.01) 12.72 (0.22) 

G11744 10.97 (0.00) N.A. 11.20 (0.02) 10.31 (0.11) 15.52 (0.13) 11.63 (0.23) 17.09 (0.23) 11.71 (0.01) 11.50 (0.04) 10.78 (0.23) 10.07 (0.21) 12.15 (0.25) 

G11745 23.85 (0.10) N.A. 23.38 (0.07) 22.40 (0.11) 29.07 (0.78) 24.08 (0.52) 30.58 (0.19) 26.13 (0.06) 24.82 (0.05) 25.26 (0.24) 23.90 (0.16) 27.55 (0.13) 

G11746 15.45 (0.05) N.A. 15.63 (0.19) 14.10 (0.02) 19.33 (0.13) 15.67 (0.01) 21.45 (0.16) 15.98 (0.04) 16.16 (0.64) 15.40 (0.12) 14.22 (0.04) 17.09 (0.13) 

G11747 15.69 (0.06) N.A. 15.26 (0.23) 14.19 (0.10) 20.26 (0.05) 17.63 (0.14) 21.73 (0.07) 16.88 (0.08) 16.05 (0.04) 15.60 (0.12) 14.77 (0.01) 17.45 (0.28) 

G11748 15.50 (0.11) N.A. 15.32 (0.08) 14.22 (0.08) 20.13 (0.05) 17.96 (0.01) 21.50 (0.00) 16.65 (0.03) 16.01 (0.02) 16.00 (0.19) 15.01 (0.12) 17.70 (0.11) 

G11749 16.05 (0.01) N.A. 15.94 (0.24) 14.35 (0.01) 23.23 (0.36) 21.15 (0.29) 24.09 (0.02) 17.00 (0.06) 16.57 (0.01) 19.71 (0.26) 19.80 (0.11) 21.59 (0.09) 

G11750 18.35 (0.14) N.A. 18.95 (0.04) 15.88 (0.13) 25.28 (0.12) 24.55 (0.08) 26.97 (0.05) 19.36 (0.10) 18.49 (0.06) 22.51 (0.07) 22.29 (0.19) 24.63 (0.09) 

G11751 22.55 (22.55) N.A. 23.02 (0.52) 19.82 (0.09) 29.54 (0.44) 28.00 (0.66) 31.24 (0.03) 24.09 (0.00) 23.53 (0.02) 27.18 (0.14) 26.57 (0.36) 29.11 (0.05) 

G11752 26.26 (0.14) N.A. 26.11 (0.06) 23.61 (0.04) 34.90 (0.35) 33.63 (0.63) 36.14 (0.02) 28.10 (0.16) 27.66 (0.03) 31.86 (0.18) 32.28 (0.33) 34.30 (0.08) 

G11753 8.15 (0.08) N.A. 8.89 (0.05) 8.22 (0.28) 12.85 (0.96) 10.66 (0.62) 15.34 (0.01) 8.64 (0.02) 8.24 (0.13) 7.93 (0.42) 6.68 (0.24) 9.48 (0.13) 
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Table 3.2.9 Ratio between percentage of chains between 8000-16000 and 16000-24000 Da. Inside the brackets the standard deviations are reported 

 Methods 

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

G11588 3.10 (0.65) 1.60 (0.00) 2.44 (0.14) 2.78 (0.03) 2.09 (0.02) 2.29 (0.01) 1.97 (0.00) 2.63 (0.02) 2.68 (0.01) 2.19 (0.01) 2.30 (0.02) 1.93 (0.00) 

G11589 2.78 (0.79) 1.50 (0.03) 2.35 (0.02) 2.52 (0.01) 1.80 (0.00) 2.13 (0.00) 1.85 (0.00) 2.32 (0.05) 2.43 (0.01) 1.99 (0.01) 1.97 (0.03) 1.79 (0.01) 

G11590 2.66 (0.88) 1.49 (0.00) 2.16 (0.01) 2.39 (0.02) 1.77 (0.02) 2.06 (0.00) 1.78 (0.01) 2.22 (0.01) 2.30 (0.00) 1.92 (0.00) 1.83 (0.01) 1.68 (0.00) 

G11591 2.64 (0.96) 1.24 (0.00) 2.28 (0.00) 2.42 (0.00) 1.78 (0.01) 1.97 (0.00) 1.78 (0.00) 2.22 (0.02) 2.32 (0.00) 1.85 (0.01) 1.84 (0.00) 1.73 (0.00) 

G11592 3.55 (0.93) 1.71 (0.02) 2.83 (0.01) 3.09 (0.00) 2.17 (0.00) 2.31 (0.03) 2.16 (0.01) 2.98 (0.01) 3.08 (0.01) 2.44 (0.01) 2.50 (0.01) 2.24 (0.01) 

G11593 3.18 (0.94) 1.54 (0.01) 2.70 (0.03) 2.79 (0.05) 1.97 (0.00) 2.19 (0.00) 1.93 (0.00) 2.65 (0.03) 2.75 (0.00) 2.17 (0.00) 2.18 (0.01) 1.97 (0.01) 

G11594 3.68 (1.04) 1.59 (0.04) 2.99 (0.02) 3.19 (0.01) 2.17 (0.00) 2.34 (0.01) 2.09 (0.01) 3.10 (0.00) 3.20 (0.01) 2.57 (0.01) 2.55 (0.00) 2.27 (0.00) 

G11595 4.04 (1.16) 1.85 (0.07) 3.63 (0.01) 3.59 (0.01) 2.14 (0.01) 2.14 (0.00) 2.11 (0.00) 3.36 (0.00) 3.40 (0.00) 2.25 (0.01) 2.24 (0.01) 2.13 (0.00) 

G11596 3.85 (1.17) 1.85 (0.00) 3.51 (0.01) 3.47 (0.02) 2.15 (0.01) 2.10 (0.02) 2.10 (0.00) 3.23 (0.00) 3.27 (0.00) 2.18 (0.01) 2.18 (0.01) 2.08 (0.00) 

G11597 1.85 (1.16) 1.03 (0.01) 1.72 (0.04) 1.94 (0.04) 1.49 (0.03) 1.57 (0.00) 1.52 (0.02) 1.71 (0.00) 1.78 (0.00) 1.32 (0.01) 1.30 (0.02) 1.13 (0.04) 

G11740 2.45 (1.06) N.A. 2.31 (0.01) 2.35 (0.02) 1.88 (0.01) 2.03 (0.00) 1.85 (0.03) 2.28 (0.01) 2.33 (0.00) 2.01 (0.01) 1.96 (0.03) 1.76 (0.00) 

G11741 2.69 (0.87) N.A. 2.51 (0.04) 2.58 (0.01) 2.08 (0.01) 2.45 (0.00) 2.02 (0.01) 2.51 (0.00) 2.53 (0.01) 2.48 (0.01) 2.33 (0.01) 2.00 (0.02) 

G11742 2.59 (0.66) N.A. 2.44 (0.02) 2.46 (0.01) 1.99 (0.00) 2.28 (0.01) 1.95 (0.00) 2.37 (0.00) 2.44 (0.01) 2.14 (0.01) 2.24 (0.01) 1.92 (0.02) 

G11743 1.99 (0.70) N.A. 1.83 (0.03) 1.94 (0.04) 1.71 (0.01) 1.80 (0.02) 1.71 (0.00) 1.77 (0.00) 1.84 (0.01) 1.65 (0.01) 1.56 (0.01) 1.41 (0.01) 

G11744 2.08 (0.71) N.A. 1.94 (0.01) 2.03 (0.03) 1.70 (0.02) 1.84 (0.02) 1.78 (0.00) 1.85 (0.00) 1.93 (0.00) 1.67 (0.00) 1.65 (0.02) 1.40 (0.03) 

G11745 1.21 (0.68) N.A. 1.14 (0.00) 1.20 (0.00) 1.04 (0.49) 0.87 (0.04) 1.08 (0.12) 1.03 (0.01) 1.06 (0.01) 0.81 (0.26) 0.64 (0.17) 0.69 (0.07) 

G11746 1.67 (0.57) N.A. 1.54 (0.02) 1.67 (0.01) 1.32 (0.05) 1.46 (0.03) 1.52 (0.07) 1.49 (0.00) 1.54 (0.00) 1.26 (0.00) 1.18 (0.01) 1.15 (0.05) 

G11747 1.63 (0.53)  N.A. 1.57 (0.01) 1.65 (0.03) 1.42 (0.01) 1.30 (0.04) 1.49 (0.02) 1.46 (0.01) 1.50 (0.01) 1.23 (0.02) 1.13 (0.00) 1.08 (0.03) 

G11748 1.78 (0.48) N.A. 1.67 (0.01) 1.76 (0.00) 1.45 (0.04) 1.43 (0.02) 1.50 (0.05) 1.58 (0.00) 1.64 (0.01) 1.35 (0.02) 1.29 (0.00) 1.25 (0.02) 

G11749 2.26 (0.57) N.A. 2.05 (0.05) 2.18 (0.00) 1.67 (0.03) 1.56 (0.05) 1.67 (0.03) 2.04 (0.01) 2.09 (0.01) 1.62 (0.09) 1.65 (0.03) 1.55 (0.01) 

G11750 2.11 (0.62) N.A. 1.84 (0.01) 2.08 (0.03) 1.52 (0.03) 1.48 (0.01) 1.76 (0.01) 1.90 (0.00) 1.96 (0.00) 1.62 (0.04) 1.57 (0.01) 1.52 (0.03) 

G11751 1.76 (0.62) N.A. 1.55 (0.05) 1.73 (0.03) 1.28 (0.03) 1.19 (0.16) 1.54 (0.00) 1.55 (0.00) 1.61 (0.01) 1.28 (0.05) 1.20 (0.01) 1.22 (0.05) 

G11752 1.61 (0.61) N.A. 1.46 (0.01) 1.55 (0.01) 1.18 (0.29) 1.07 (1.72) 1.40 (0.02) 1.41 (0.01) 1.46 (0.00) 1.17 (0.38) 1.10 (0.72) 1.09 (0.37) 

G11753 1.91 (0.54) N.A. 1.85 (0.01) 1.98 (0.08) 1.43 (0.00) 1.46 (0.00) 1.53 (0.01) 1.71 (0.00) 1.86 (0.02) 1.34 (0.00) 1.24 (0.01) 1.14 (0.00) 

 



In Table 3.2.10, the results summary obtained for USP Heparin Sodium Identification RS sample is 

reported. 

 

Table 3.2.10 USP Heparin Sodium Identification RS sample results summary. Inside the brackets, the standard deviations are 

reported 

 Methods 

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

Mw 
(Da) 

15800 
(195) 

17700 
(13) 

15700 
(33) 

15200 
(33) 

16700 
(47) 

16100 
(2) 

17000 
(15) 

15848 
(7) 

15700 
(27) 

16000 
(21) 

16200 
(1) 

16400 
(8) 

M 
24000 

8.80 
(0.69) 

16.86 
(0.16) 

8.93 
(0.08) 

8.17 
(0.21) 

13.39 
(0.40) 

9.12 
(0.18) 

14.79 
(0.32) 

8.96 
(0.07) 

8.47 
(0.12) 

7.93 
(0.28) 

6.20 
(0.37) 

8.32 
(0.20) 

Ratio 
1.89 

(0.04) 
0.99 

(0.02) 
1.82 

(0.01) 
1.97 

(0.05) 
1.49 

(0.01) 
1.64 

(0.00) 
1.48 

(0.01) 
1.72 

(0.01) 
1.82 

(0.01) 
1.37 

(0.00) 
1.24 

(0.03) 
1.15 

(0.02) 

 

Methods 1-2 were performed on silica-based columns, respectively TSKG4000SWXL+ 

TSKG3000SWXL and 2xPLS5030, while methods 3-7 were performed on TSKG2500PWXL+ 

TSKG3000PWXL and methods 8-12 on TSKG4000PWXL+TSKG3000PWXL. 

As reported in Table 3.2.10, the Mw range calculated for the USP Heparin Sodium Identification RS, 

as measured to assess system suitability, is between 15200 and 17700 Da, with an average value of 

16200 Da. As reported by the USP Heparin Sodium Identification monograph94, the acceptance cri-

teria for the RS test indicate that Mw for this sample should lie within +/−500 Da of the established 

value of 16000 Da. Results for Methods 2, 4, 5 and 7, respectively 17700, 15200, 16700 and 17000 

Da are out of the USP acceptance criteria, but considering all 12 methods Mw results, the Relative 

Standard Deviation (RSD%) calculated is 4.17 %, an acceptable value taking into account the instru-

ment sensitivity and the different chromatographic conditions tested. 

Methods 5 and 7 were acquired at 40 °C with same columns and both gave high molecular weight 

and of course higher M24000 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 particle sizes of 5 and 8 μm respectively 

for TSKG3000SWXL and TSKG4000SWXL). Regarding to the columns set B, both molecular weight 

and ratio M8000–16000/M16000–24000 are out of the acceptance criteria; again, the main prob-

lem 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 
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series, the correct resolution required is not reached, with the only exception of Method 3 chroma-

tographic conditions, very similar to the USP official method. 

Looking at Methods 8 to 12, each of these chromatographic conditions results are within the ac-

ceptance criteria; the fact that column set D particle sizes are different (respectively 10 μm for the 

TSKG4000PWXL 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 (Table 3.2.9 and Table 3.2.10), 

a methods comparation for use over a wide range of heparin samples can be achieved. 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 M24000 are out-

side +/−10% of the Method 1 value. Methods 10 and 11 use the same column set as Methods 8 and 

9 but with different calibration; in particular in methods 10 and 11, light scattering detector was 

used, while in 8 and 9, the USP Heparin Sodium Identification relative calibration was performed 

(refractive index detector), using the proper broad standard calibrant. This calibrant was character-

ized for use with silica columns specified in the monograph, and it is characterized by the following 

slice table of mass fraction vs. molecular weight (Table 3.2.11). 
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Table 3.2.11 Broad Standard Table for the USP Heparin Sodium Molecular Weight Calibrant RS 

MW (Da) % below MW % above MW 

6000 3.2 96.8 

8000 10.4 89.6 

10000 19.8 80.2 

12000 31.7 68.3 

14000 43.4 56.5 

16000 55.5 44.5 

18000 66.0 34.0 

20000 74.4 25.6 

22000 80.3 19.7 

24000 84.4 15.6 

26000 87.5 12.5 

28000 90.1 9.9 

32000 93.4 6.6 

36000 95.6 4.4 

40000 97.0 3.0 

 

Using the proper GPC software, a calibration curve can be obtained using the percentages of mass 

fraction vs. molecular weight, which are a property of the calibrant material, theoretically independ-

ent 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 (Methods 5, 6 and 7), but appears to work best 

when used for heparin samples with molecular weight distributions within the current USP ac-

ceptance criteria. 

Finally, the different source heparin comparison. The two porcine mucosal heparins G11597 and 

G11753 have average Mw near to 16000 Da, a typical value for heparin sodium as previously 
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determined and close to the characteristic value of 16000 Da for the USP Heparin Sodium Identifi-

cation RS93,94. They also resulted with an M24000 value of about 10%, and the ratio M8000–

16,000/M16,000–24,000 is about 1.5. Two bovine lung heparins G11595 and G11596 have lower 

molecular weight distribution, outside the acceptable range for heparin sodium at about 13500 Da. 

This is consistent with values determined for bovine lung heparins dating from the 1950s to the 

1990s98. 

For the 20 bovine mucosal heparins, variability between individual samples is like that for porcine 

heparin before introduction of molecular weight acceptance criteria, as determined previously93. 

Three samples (G11745, G11751 and G11752) have Mw higher than 19000 Da, and the same three 

samples have more than the USP Heparin sodium Identification monograph limit of M24000 (>20%). 

G11752, the highest Mw sample analyzed, also has a low value for the ratio M8000–

16000/M16000–24000. The observed differences for the heparin panel samples are likely to origi-

nate from variant manufacturing protocols, though variations in the source tissues due to climate, 

nutrition, etc. are also possible95. 

 

 Conclusions 

This study has two main aims, the first to compare the performance of different chromatographic 

conditions for the analysis of heparin with the official pharmacopoeial method, and the second one 

to compare a panel of 22 lots of bovine unfractionated heparins (20 from intestine and 2 from lung) 

to 2 porcine unfractionated heparins in terms of molecular weight distribution, to demonstrate the 

similarity of samples deriving from different sources. 

The work started with the assessment of the suitability of the selected chromatographic conditions, 

in terms of good columns set’s resolution and temperature or mobile phase changes in both elution 

time or molecular weight distribution, and for this part a heparin sample was analyzed. The results 

showed that all the chromatographic conditions tested were able to separate satisfactorily the sam-

ple from mobile phase and other salts, although with different resolution performances and with 

minor changes in elution times; overall, we consider the tests satisfying and all columns benches 

under investigation suitable for the analysis. Moreover, bearing in mind that one of the focus of this 

work was to obtain acceptable chromatographic profiles sufficient to correctly evaluate the molec-

ular weight distribution, bypassing the silica-based columns problem of a very short life time and 
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many problems of compatibility with samples, we can say that the use of polymeric-based columns 

could be considered an improvement. 

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 mono-

graph 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. One of the most critical 

points in the analysis with Light Scattering detector is the use of the correct dn/dc value, a parame-

ter 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 results93; for this reason, two 

different dn/dc values were used, as reported in 3.2.3 section, in particular 0.13 for methods involv-

ing NaNO3 0.1 M + 0.05 % NaN3 mobile phase, while 0.128 for methods involving NH4Ac 0.1 M + 

0.02 % NaN3 mobile phase. Both values were previously experimentally calculated in Ronzoni Insti-

tute.  

Results of the whole 24-heparins panel shows that for samples deriving from bovine intestine the 

average molecular weight is like those of porcine mucosal heparin samples, but with a wider varia-

tion 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 ac-

ceptance criteria for heparin sodium. Bovine lung heparin samples were lower in average molecular 

weight than mucosal heparin, as has been reported in the past98.  

 

  In-depth molecular weight distribution evaluation of Sulodexide. 

 Introduction 

Sulodexide (SLDX) is a heparinoid obtained from porcine mucosa by a patented process99, described 

as a highly-purified mixture of 80% fast-moving heparin (Fm-Hep), and 20% dermatan sulfate (DeS); 

it is presently marketed as a drug in Italy, Spain, Eastern Europe, and in the countries of South Amer-

ica and Asia for the treatment of chronic venous disease (CVD), of venous ulcers and of arterial and 

cardiovascular disease100–102. The Fm-Hep fraction has a mean molecular weight of about 7 kDa, 
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with properties somewhat closer to those of LMWHs, and compared to UFHs has a lower sulfation 

degree and a less effect on global coagulation tests and a lower degree of pro-hemorrhagic ef-

fects103. This fraction confers to SDLX other major differences from UFH, including longer half-life 

and especially oral bioavailability. Similar to “normal” heparin, Fm-Hep consist in a 1,4-linked re-

peating disaccharide units containing an uronic acid, mainly -l-iduronic (IdoA) or -d-glucuronic 

(GlcA) acids, and a -N-acetyl-glucosamine (GlcNAc) or more frequently a -N-sulfated-glucosamine 

(GlcNS); the main repetitive units could be O-sulfated in position 2 of the IdoA and in position 6 

and/or rarely in position 3 of the glucosamine residue104. 

DeS has a mean molecular weight of 25 kDa and it is composed, as a major disaccharide sequence, 

of a -d-galactosamine-N-acetylate-4-sulfate (GalNAc4S), that can be alternatively or additionally 

sulfated in position 6, and an IdoA, sulfated in minor sequence in position 2; the two residues are 

joined by β 1,4 or 1,3 linkages105. DeS has been demonstrated to inhibit thrombus formation and 

growth in different experimental models of venous thrombosis, but unfortunately there is a paucity 

of experimental data available on the effect of DeS on arterial thrombus formation in respect to 

heparin106. However, in a model of arterial thrombosis in rats, the effects of a low and high molec-

ular weight DeS, of SDLX, and of LMWH and UFH, were compared, resulting in an effectiveness of 

DeS as an inhibitor of arterial thrombosis without inducing bleeding complications106. DeS was also 

clinically active in the prevention of postoperative deep vein thrombosis in humans107; moreover, 

recent evidence highlighted a novel biological action of DeS, namely inhibition of matrix metallo-

proteinases (MMP), which play a key role in extracellular matrix (ECM) remodeling, thus also con-

ferring protective effects to SLDX against vascular wall damage and inflammation in chronic venous 

diseases (CVD)108,109. More recently, it has also been found that DeS may act as an adjuvant factor 

for initiating and accelerating wound healing110. 

The coexistence of Fm-Hep, with affinity for antithrombin III (AT), and of DeS, with affinity for hep-

arin cofactor II (HCII), confers to SLDX various biological activities, such as lipasemic, anticoagulant, 

anti-Xa, HCII, APTT determined against the IV International Standard of Heparin, and antithrombotic 

activity104. Thrombin inhibition by the simultaneous activation of AT and HCII would give to SLDX 

greater efficacy than heparin in preventing thrombus formation, such that a lower dosage of SLDX 

can achieve an equivalent antithrombotic effect111. SLDX can undergo extensive absorption by the 

vascular endothelium, and has the great advantage of oral, subcutaneous and intravenous 
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administration111. In preclinical studies, SLDX administered parenterally displays an antithrombotic 

action similar to that of heparin but associated with fewer alterations of the blood clotting mecha-

nisms and tests, thus being much less conducive to bleeding risk than heparin112. When given orally, 

SDX is associated with minimal changes in classic coagulation tests but maintains a number of im-

portant effects on the structure and function of endothelial cells (EC), and the intercellular matrix, 

including prevention or restoration of the integrity and permeability of EC, counteraction versus 

chemical, toxic or metabolic EC injury, regulation of EC–blood cell interactions, inhibition of micro-

vascular inflammatory and proliferative changes, and other similar effects, thus allowing oral SDX 

to be considered as an endothelial-protecting agent113. Many clinical studies have demonstrated 

the safety and efficacy of SLDX, not only for the prophylaxis and treatment of thromboembolic dis-

eases but also for the treatment of diabetic nephropathy104. Although SLDX has raised a notable 

interest as antithrombotic drug only a few structural and biochemical data are available in litera-

ture114. 

 

 Aim of the work 

The aim of the present work was to provide a fine evaluation of the molecular weight distribution 

of SLDX and of its components, obtained by HP-SEC-TDA technique using a Light Scattering detec-

tor115, and by conventional calibration method with a Refractive Index detector. 

 

 Materials and methods 

3.3.3.1. Samples in analysis 

Three different SLDX commercial samples were analyzed, and by enzymatic digestion of one SLDX 

sample, the single components were isolated; in addition, three mixtures of a Hep fraction and of a 

DeS fraction in different proportions, were prepared for molecular weight determination methodic 

comparison. The corresponding Ronzoni codes are reported in Table 3.3.1. 
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Table 3.3.1 Samples in analysis 

Sample type Ronzoni code 

SLDX 1 A5192 

SLDX 2 G10088 

SLDX 3 G12512* 

Fm-Hep G12824_A 

DeS G12909_Fr1 

Heparin fraction G13066 

DeS fraction G13805_C 

DeS/Hep mix 1 (7/3 w/w) G14202 

DeS/Hep mix 2 (5/5 w/w) G14203 

DeS/Hep mix 3 (3/7 w/w) G14204 
*From this sample, G12824_A and G12909_Fr1 were obtained by enzymatic digestion. 

 

3.3.3.2. Enzymatic digestion 

Digestion of G12512 with Chondroitinase ABC 

100 mg of sample were dissolved in 50 ml of 50 mM Na phosphate/50 mM Na acetate buffer, pH 8 

and incubated with 0.7 IU of Chondroitinase ABC for 48 h at 37 °C, added in three times. The diges-

tion was inactivated by boiling for 5 min followed by filtration with a cellulose acetate, 0.2 m cut-

off. 

 

Digestion of G12512 with heparinase III 

250 mg of sample were dissolved in 2.5 ml of 2 mM Ca/50 mM Na acetate buffer, pH 7.4 and di-

gested with 4U of Heparinase III for 48 h at 37 °C, then the digestion was inactivated by boiling for 

5 min followed by filtration with a cellulose acetate, 0.2 m cut-off. Then, about 250 mg of sample 

were dissolved in 50 ml of water and kept in a cold bath and 57 mg of NaNO2 were added. The pH 

of the solution was corrected to 2 with HCl and after 30 min was readjusted to neutrality with NaOH. 

Then, 78 mg of NaBH4were added and the pH was corrected to 3 with HCl for ten minutes in a cold 

bath, then readjusted again to 7. 

 

3.3.3.3. Chromatographic conditions 

For both methods, a Viscotek TDA model 305 (Malvern Panalytical Instruments, UK), equipped with 

Refractive Index, Right Angle Light Scattering and Viscometer was used, and chromatograms acqui-

sition/elaboration was performed with the software dedicated OmniSEC version 4.6.2. SLDX sam-

ples, the isolated single components and the three Hep/DeS mixture were equally injected at about 
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5 mg/ml, while the two species fractions for calibration curves construction were injected in a con-

centration range between 2 and 7 mg/ml for respectively higher and lower molecular weights. 

 

Light Scattering calibration conditions 

Chromatographic conditions were set up using TSKG2500PWXL + TSKG3000PWXL columns with an 

aqueous solution of 0.1 M NaNO3 added with 0.05% NaN3 pre-filtered onto 0.22 m nylon filter 

(Millipore), used as mobile phase at a flow rate of 0.6 ml/min and 40 °C; 100 l of each sample were 

injected. G12512 was also analyzed using silica columns (TSKG4000SWXL + TSKG3000SWXL col-

umns), for column performance comparison, with an aqueous solution of 0.1 M NH4Ac added with 

0.02% NaN3 pre-filtered on 0.22 m nylon filter (Millipore) as mobile phase and by maintaining the 

same operating conditions, with the only exception of instrument temperature (30 °C); the differ-

ence was due to silica columns temperature tolerance, that is at least 30 °C. For instrument calibra-

tion, a pullulan standard was used (PolyCAL-Pullulan57K standard, Malvern Panalytical Instruments, 

UK). 

 

Conventional calibration conditions 

Chromatographic conditions were set up as for TSKG2500PWXL + TSKG3000PWXL columns config-

uration reported above; to perform the instrument calibration, a pullulan standard was used (Poly-

CAL-Pullulan57K standard). The conventional calibration curves were built using at least 5 Hep frac-

tions and 6 DeS fractions, previously obtained at the Ronzoni Institute by size-fractionation of re-

spectively a porcine UFH (G9850) and of G12909_Fr1, which codes and already characterized mo-

lecular weights at peak (Mp) are reported in Table 3.3.2. 

 

 

 

 

 

 

 

 



~ 61 ~ 

 
 

 

Table 3.3.2 Hep/DeS fractions codes for calibration curves construction. 

Sample type Ronzoni code Mp (kDa)* 

DeS fraction D24 38.4 

DeS fraction D30 32.5 

DeS fraction G13805_B 25.5 

DeS fraction G13805_D 14.5 

DeS fraction G13805_E 9.4 

DeS fraction G13805_F 4.9 

Hep fraction G13062 40.6 

Hep fraction G13064 19.9 

Hep fraction G13065 13.8 

Hep fraction G13066 9.7 

Hep fraction G13067 6.3 

*Molecular weight reported is the average value of a double injection of each sample. 

 

To assess the suitability of the two calibration curves, G9850 and G12909_Fr1 were injected and 

analyzed; furthermore, G12512 was analyzed as system suitability sample for Hep/DeS mixture anal-

ysis. 

 

 Results and Discussion 

3.3.4.1. SLDX and its components molecular weight distribution evaluation by HP-SEC-TDA 

technique 

SLDX samples molecular weight distribution 

Analysis of molecular weight distribution was performed using the equipment reported in Materials 

and methods section. Chromatographic profiles of three SLDX samples are shown in Figure 3.3.1. 
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Figure 3.3.1 SLDX samples chromatographic profile (Red, Refractive Index; green, Light Scattering; blue, Viscometer). 

 

Chromatograms were elaborated both integrating the whole peak and separating DeS from Fm-Hep 

profiles. Molecular weight distributions were obtained applying different refractive index increment 

(dn/dc) values, precisely 0.12578 to DeS profile  and 0.1395 to Fm-Hep, by using RALS detector and 

considering the value of concentration determined by Refractive Index. For the whole sample, a 

dn/dc of 0.129 was used, as a result of a weighted average of the two components weight percent-

ages (approximately 20% of DeS and 80 % of Fm-Hep). 
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As shown by the chromatographic profiles, each detector reveals two components, the first one 

attributed to DeS (elution volume at about 11.8 ml), the second one to Fm-Hep (elution volume at 

about 12.9 ml), which appear differently resolved depending on their molecular dimension and rel-

ative amount. At this stage, the attribution was alleged taking into account that the DeS species has 

a higher molecular weight by literature than the Fm-Hep one103.  

For the whole peak integration, the average results of two analyses, in terms of number average 

molecular weight (Mn, Da), weight average molecular weight (Mw, Da), polydispersity index 

(Mw/Mn) and intrinsic viscosity ([], dl/g) are reported in Table 3.3.3; in the same Table, the percent 

weight recovery of the whole peak calculated as difference between theoretical and experimental 

concentration is also reported together with the Mw value of the two components and the percen-

tual amount of separated fractions (Wt. Fr.%); these latter values were estimated as the relative 

percentage of refractive index areas of DeS or Fm-Hep component vs the whole peak. 

 

Table 3.3.3 SLDX samples results (inside brackets, the related standard deviations) 

Sample Peak Mw (Da) Mn (Da) Mw/Mn 
[] 

(dl/g) 

Wt. Fr. 

% 

Recovery 

% 

Column 

type 

A5192 

1 28800 (521) - - - 32.3 -  

Polymeric 2 9200 (270) - - - 67.7 -  

Whole peak 15000 (32) 9000 (31) 1.67 0.260   92.0 

G10088 

 1 27200 (1558) - - - 25.6 -  

Polymeric 2 8500 (415) - - - 74.4 -  

Whole peak 12900 (2) 8300 (93) 1.56 0.215   88.3 

G12512 

 1 30800 (986) - - - 19.9 -  

Polymeric 2 9700 (240) - - - 80.2 -  

Whole peak 13500 (37) 9400 (81) 1.44 0.213  - 101.4 

1 31800 (1238) - - - 16.9 -  

Silica 2 10600 (204) - - - 83.1 -  

Whole peak 13500 (160) 10500 (78) 1.29 0.203   92.7 

 

No weight distribution results or [] were attributed to DeS and Fm-Hep species, due to the great 

uncertainty in integration of the chromatographic profiles and in fact the related Mw values resulted 

with quite high standard deviations. 

For A5192, peak 1 is clearly detected by all detectors, including refractive index since it is repre-

sented for about 30% (see Table 3.3.3), while for G12512 it is revealed as a shoulder due to its lower 
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content, estimated close to 20%; accordingly, for G10088 the peak 1 elutes as an half-way between 

a clearly detected peak and a shoulder and in fact its content is approximately 25 %, value quite 

perfectly averaged compared to the other two. The molecular weight parameters of the two com-

ponents were determined by separating SLDX profile at about 12 ml, where DeS and Fm-Hep peaks 

overlap. By considering the whole peaks, the Mw of the three samples ranged from 12.9 to 15.0 

kDa, with a polydispersity of 1.44–1.67. Looking at separated peaks, in all samples the heparin com-

ponent was the smaller one, with a Mw ranging from 8.5 to 9.7 kDa, whereas DeS had a notably 

higher Mw, ranging from 27.2 to 30.8 kDa. For the whole peak intrinsic viscosity raised mainly with 

the increase of DeS relative content. Samples recovery are all higher than 88%, value that can be 

considered acceptable, taking into account the polysaccharide hygroscopicity. 

Since G12512 exhibited a very poor resolution of the two GAG components by refractive index de-

tector, it was also analyzed by employing silica gel columns, which are known to have higher reso-

lution performances, and the related chromatographic profile is reported in Figure 3.3.2; the mo-

lecular weight distribution results were reported in Table 3.3.3. 

 

 

Figure 3.3.2 G12512 chromatographic profile obtained with silica columns (Red, Refractive Index; green, Light Scattering; blue, 

Viscometer). 

 

With such a stationary phase, chromatographic profile of G12512 exhibited a greatly improved sep-

aration of DeS and Fm-Hep with all detectors, including refractive index. Nevertheless, molecular 

weight values turned out to be highly similar to those obtained with polymeric columns, both for 

whole peak and for separated components. The present results demonstrate that the two 
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chromatographic conditions are comparable, as reported previously (see section 3.2). Results of the 

analyses performed in duplicate were very similar each other, proving the reproducibility of the 

technique. 

 

Isolated components molecular weight results 

The isolation of the SLDX components was obtained as reported in 3.3.3 section (see Enzymatic 

Digestions); for DeS separation, briefly, 250 mg of G12512 were first digested with Heparinase III for 

48 h, then filtered after enzyme inactivation. The obtained sample was then treated with nitrous 

acid and subsequentially reduced with NaBH4, process followed by a chromatographic purification 

on a TSKHW40 column, obtaining 91.7 mg of G12909_Fr1. The isolation of the Fm-Hep species was 

obtained treating 100 mg of G12512 with Chondroitinase ABC that was added after three different 

times (0, 6 and 28 h); again, after the enzyme inactivation, sample was purified on a TSKHW40 col-

umn, recovering 79.4 mg of G12824_A. As a final step, it was verified by NMR spectroscopy the 

nature of the two isolated components, as well as the absence of DeS or Fm-Hep residues in the 

two different samples.  

The evaluation of the molecular weight distributions on isolated G12909_Fr1 and G12824_A was 

obtained in the same polymeric chromatographic conditions of the SLDX samples; the average re-

sults of two injections in terms of number average molecular weight (Mn, Da), weight average mo-

lecular weight (Mw, Da), polydispersity (Mw/Mn) and intrinsic viscosity ([], dl/g) are reported in 

Table 3.3.4, while the chromatographic profiles of the two components are reported in Figure 3.3.3, 

as an overlay with the starting G12512 sample. In this case the same molecular weight parameter 

showed for the three SLDX were evaluated, since each sample contains only one GAG species. 
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Figure 3.3.3 Isolated components profiles' overlay with starting G12512. 

 

Table 3.3.4 Isolated components molecular weight distribution results. 

Sample Mw (Da) Mn (Da) Mw/Mn [] (dl/g) Recovery % 

G12909_Fr1 21500 16900 1.28 0.403 103.2 

G12824_A 10900 8300 1.32 0.147 104.0 

 

Molecular weight distribution values obtained turned out to be a slightly different from those esti-

mated on the whole mixture, in particular the Mw values of both the components were about the 

32% lower and about the 10% higher respectively. This apparent discrepancy is greatly due to peak 

overlapping of the two components in the SLDX, so that the lowest molecular weight chains of the 

DeS and the highest molecular weight chains of Fm-Hep are underestimated, influencing the whole 

distribution; the degree of overlapping phenomenon is clearly visible in Figure 3.3.3, in particular by 

the Refractive Index chromatograms (upper panel). Also, the viscosity values resulted slightly lower 

and higher for respectively G12909_Fr1 and G12824_A, due to the correspondent changes in the 

Mw of the two components. 
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3.3.4.2. Conventional vs absolute molecular weight distribution evaluation of ad hoc pre-

pared DeS/Hep mixtures 

For polysaccharides that are copolymers or are in mixture like the SLDX, some caution is advised 

when interpreting the molecular weight distribution obtained by a Light Scattering method, be-

cause of the requirement specific dn/dc parameters for the two species, which chromatographic 

profile could be affected by overlapping phenomena, as shown in the present case. As a result, the 

Mw obtained could be not completely correct. 

To try to overcome to this problem, a conventional calibration method, for which the obtained Mw 

is only a function of the retention time, was set up and two different relative calibration curves, 

one for the DeS and one for the Fm-Hep species, were built. 

 

Calibration curves construction and suitability 

The Hep and DeS fractions selected (see Table 3.3.2), were analyzed by HP-SEC-TDA technique and 

used for the relative calibration curves building (third order), that are reported in Figure 3.3.4, while 

their overlay is reported in Figure 3.3.5. 

 

 

Figure 3.3.4 Conventional calibration curves results. 
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Figure 3.3.5 Calibration curves overlay 

 

By the overlay view of the two calibration curves, is highly probable that little conformation differ-

ence occur between the two species and in fact it is possible to note that although G13062, a Hep 

fraction with a Mp of 40.6 kDa, elutes after D24, a DeS fraction with a slightly lower Mp (38.4 kDa), 

and the same observation can be done for G13066 (Hep, Mp=9.7 kDa) and G13805_E (DeS, Mp=9.4 

kDa). 

Although a very good result in linearity, as R2 value, was obtained for both the calibration curves, 

their suitability in correctly determine the molecular weight distribution was tested analyzing the 

G12909_Fr1 and G9850 for respectively DeS and Hep curves, and the results were compared to the 

related Light Scattering method (see Table 3.3.5), in terms of weight average molecular weight (Mw, 

Da), number-average molecular weight (Mn, Da) and polydispersion index (Mw/Mn). Furthermore, 

the percentual coefficient of variation (CV %) was calculated on Mw value for the two system suita-

bility samples, in order to statistically evaluate the difference in Mw calculation; CV % was evaluated 

as the standard deviation/average % ratio. 

 

Table 3.3.5 System suitability results 
 Calibration Mw (Da) Mn (Da) Mw/Mn Mw CV % 

G12909_Fr1, DeS 
Conventional 22000 13900 1.58 

1.63 
HP-SEC-TDA 21500 16900 1.28 

G9850, Hep 
Conventional 18200 12700 1.43 

0.39 
HP-SEC-TDA 18100 13900 1.30 
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Looking at the results, the main difference was in the Mn value, and of course on the related poly-

dispersion index, that is lower for both the conventional calibration calculations, particularly for the 

DeS sample. This observation is justifiable by the fact that the two detectors used for the molecular 

weight distributions had different sensitivities due to the low signal-to-noise ratio of, in particular, 

the Light Scattering detector; this problem is most often encountered on the low molecular weight 

side when light scattering signals have a lower sensitivity than a concentration-sensitive detector 

such as the Refractive Index, so with by TDA method the Mn value cannot be determined with great 

accuracy116. On the other hand, the Mw obtained are very similar, reaching in both cases a CV % 

significantly lower than 5 %, which is a limit under which two values are considered not different95. 

After the suitability assessment of the two calibration curves, the G12512 SLDX sample was injected 

again and tested to evaluate the capability of the relative method to evaluate the correct molecular 

weight distribution of the two singular components (integration reported in Figure 3.3.6); the re-

lated results are reported in Table 3.3.6, in terms of Mw and CV % calculated as the standard devi-

ation/average % ratio. 

 

Table 3.3.6 Test on G12512 components results. 
 Calibration Mw (Da) CV % 

DeS 
HP-SEC-TDA 29200 

3.08 
Conventional 30500 

Hep 
HP-SEC-TDA 9600 

1.46 
Conventional 9800 
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Figure 3.3.6 Integration of single SLDX components chromatographic profiles, overlayed with the related calibration curves. 

 

As shown in Figure 3.3.6, the integration of the two single components was obtained “cutting” the 

SLDX profile in the correspondence of the large shoulder on higher molecular weight chains side, 

exactly as was done in 3.2.4.2 section; for the molecular weight distribution, then, the conventional 

curve associated to the related polysaccharidic species was applied, and the results shows that this 

method is not significantly different from the HP-SEC-TDA one, with CV % values, calculated on the 

Mw data, clearly lower than 5 %. The major discrepancy from the absolute calibration is found for 

the DeS component, for which 3.08 CV % was obtained, and in fact looking at its calibration curve it 

is appreciated that a higher molecular weight point would have been needed; unfortunately, it was 

not possible to quantitatively separate such a high molecular weight component, but however we 

considered the evaluation obtained enough for our purpose. On the other hand, the Hep compo-

nent suffered the same DeS problem and, also in this case, probably the addition of another point 

in the curve, this time a lower Mw one, would have been resolutive, but as for the DeS species, it 

was not possible to quantitative obtain the desired Mw Hep fraction. 
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A final consideration on the data just discussed is about the Mw results obtained by the re-injection 

of G12512, for which a slight discrepancy between the TDA results obtained is found comparing the 

single species values reported in Table 3.3.3 and the ones in Table 3.3.6; this observation should be 

taken as the demonstration of how the chromatographic profile overlay phenomenon of the two 

SLDX components could influence the final result as of a sort of casual error done in setting the 

integration limits. In addition, bearing in mind the basic differences of the two methods applied, 

mainly in terms of how the molecular weight distribution is evaluated, we can at least consider the 

two conventional calibration curves greatly suitable for further investigation on polysaccharides 

mixture. 

 

Hep and DeS mixture chromatographic comparison and molecular weight distribution evaluation. 

A DeS (G13805_C) and a Hep (G13066) samples of respectively 21100 and 10000 Da, were selected 

for making ad hoc mixtures of them, with the aim of studying the chromatographic changes of the 

two components in solutions when present at different concentrations. The two samples were cho-

sen for the Mw similarity to isolated components of the SLDX previously investigated. 

Three DeS/Hep mixture were created by weighing separately the two components and then collect-

ing them together before the dissolving step. The Ronzoni codes of both starting materials and final 

samples and the nominal w/w ratio of the two species are reported in Table 3.3.1, while their exact 

weight (mg) for each mixture is reported in Table 3.3.7. 

 

Table 3.3.7 Exact weight (mg) of DeS/Hep species in each mixture.  
G14202 G14203 G14204 

G13805_C, DeS 7.86 mg 5.55 mg 3.02 mg 

G13066, Hep 2.72 mg 4.58 mg 6.98 mg 

 

Samples were injected, and the refractive index overlay of the three samples is reported in Figure 

3.3.7. 
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Figure 3.3.7 DeS/Hep mixture refractive index overlay 

 

It is appreciable how the sample profile change on the basis of the mixture component, so as the 

DeS species decrease and the Hep one increase, respectively a lowering and a rising of the related 

peak can be observed. Anyway, all the three profiles provide a separation of the two species. This 

consideration is not so clearly achieved, instead, for the light scattering overlay, reported in Figure 

3.3.8. 

 

 

Figure 3.3.8 DeS/Hep mixture light scattering overlay 

 

As shown, the decrease of DeS species profile is not directly proportional to the increase of the Hep 

peak, although the detector scale was normalized, and the concentration of the samples was quite 
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the same for each injection; moreover, when the Hep component is the minor one (sample G14202) 

its peak is almost completely overlapped from the DeS one. 

The separation of the single components was, so, performed considering both refractive index and 

light scattering profile, for a better assurance of a correct integration of the two polysaccharides in 

mixture, and the resulted molecular weight distribution values, in terms of Mw, with the addition 

of the Mw CV %, is reported in Table 3.3.8. Moreover, the calculated percentual difference on the 

Mw between G13066 (Hep) or G13805_C (DeS) values and the data obtained by both conventional 

and absolute calibrations (dMw%) is reported; the exact formula used for this calculation is the fol-

lowing: 

 

���% �
�#�. �%&. ����'.; ��)*+)�

,%-� ����'.; ��)*+)�
 ∙ 100 

 

were Mwst is G13066 or G13805_C value and Mwcalc is the calculated one. Mw results were rounded 

to the nearest 100 Da. 

 

Table 3.3.8 Results on conventional vs absolute molecular weight distribution characterization of DeS/Hep mixtures. 

Sample Calibration Mw (Da) dMw% CV % 

G14202 

DeS 
HP-SEC-TDA 21100 0.00 

2.9 
Conventional 22000 2.89 

Hep 
HP-SEC-TDA 9700 2.43 

14.8 
Conventional 7800 17.22 

G14203 

DeS 
HP-SEC-TDA 21700 1.82 

4.9 
Conventional 23200 6.76 

Hep 
HP-SEC-TDA 9600 2.58 

7.2 
Conventional 8700 9.75 

G14204 

DeS 
HP-SEC-TDA 23300 6.84 

7.0 
Conventional 25700 13.82 

Hep 
HP-SEC-TDA 10100 0.62 

2.1 
Conventional 9800 1.43 

 

By the results, it can be noted that for conventional calibration a tendency to deviate from the start-

ing materials’ Mw value was observed, with the very only exception of DeS component in G14202 

and of Hep component in G14204; in particular, in the case of the Hep species, the highest variance 
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is found in sample G14202 (17.22 %) and decreases markedly in G14204 (1.43 %); for DeS, instead, 

the trend is opposite (respectively 2.89 % and 13.82 % for the two samples). This observation is 

clearly due the overlap of the elution profiles, that is strongly marked for G14202, sample, as already 

discussed previously, in particular for the Hep component that eluted with the worst resolution, and 

this fact leads to the major difference deviation from a starting polysaccharide Mw; indeed, for 

G13805_C in mixture the widest dMw% is quite lower. This phenomenon flows to the consequent 

general difficulty in the integration of the two species, creating a possible problem for the use of a 

conventional calibration method, since it is mainly based on chromatographic resolution and this 

comment is more evident in the Mw calculation of the Hep component, which is also the one that 

suffers fairly the profile overlay problem since it appears as a shoulder in the polysaccharides mix-

tures; not by chance, its dMw % are always higher than the DeS component, with the very only 

exception of G14204, the sample in which a good resolution was obtained. 

On the opposite, apart from the DeS species in G14204, HP-SEC-TDA technique always leads to 

greatly acceptable Mw values, with CV % significantly low; this means that this calibration does not 

suffers the problems in the Light Scattering profile resolution, so it is of course the most adequate 

method for the molecular weight distribution evaluation. 

Finally, from the HP-SEC-TDA calibration, the percentual recovery of sample, in terms of % ratio 

between the theorical concentration and the experimental one, was calculated starting from the 

weighed singular components reunited for mixtures creations (see Table 3.3.7) and results shows 

that there is an overestimation and an underestimation in the calculation of the weight percentages 

calculated respectively by DeS and Hep in the samples G14202 and G14203, and a slight underesti-

mation of DeS in G14204, again due to the overlapping of the chromatographic profiles (see Table 

3.3.9). 

 

Table 3.3.9 Weight percentages calculations  
G14202 G14203 G14204 

DeS 111.17 108.61 94.67 

Hep 87.46 88.59 97.35 

 

This final consideration is definitely the measure of how the poor resolution of the two components 

is a problem in the correct evaluation of the molecular weight distribution of polysaccharides mix-

tures. 
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 Conclusions 

The goals of this part were the characterization of the molecular weight distribution of three differ-

ent SLDX samples and of their two components by an absolute calibration method that uses the 

Light Scattering as the evaluation detector, and an in-depth study of chromatographic methods de-

velopment for the molecular weight distribution evaluation of polysaccharides in mixture; in partic-

ular a conventional calibration and an absolute calibration were taken into account and their results 

were compared. A first level of investigation, so, was directed to the analysis of the whole drug 

chromatographic profile, that eluted as a single peak with an evident shoulder on the high molecular 

weight chains side, corresponding to the DeS species, and a major peak with greater retention time 

related to the Fm-Hep species. The molecular weight distribution was calculated both integrating 

the whole profile and “cutting” in the correspondence of the two components separation and re-

sults showed a Mw value of whole peak out to be about 13–15 kDa, with a polydispersity of 1.44-

1.67, whereas for two singular components ranges of 8.5–9.7 kDa for Hep component, and 27.2 to 

30.8 kDa for DeS one, were obtained. Then, isolation of the two species was obtained by selective 

enzymatic digestions and the individual molecular weight features (roughly 11 kDa for Fm-Hep and 

22 kDa for DeS) were obtained. Thanks to the isolation procedure of the two polysaccharides a chro-

matographic profile overlay of the Fm-Hep on the DeS shoulder was observed, an outcome that 

leads to variance in the Mw value between the isolated and the in whole drug fraction; in particular, 

an under- and an overestimation respectively is obtained by the integration of the two species in 

the whole drug. 

The second step was centered on the construction of two different relative calibration curves, one 

for the Hep and the other for the DeS analysis, by plotting of at least 5 fractions of the two species 

chromatograms Mw vs Retention time. After the evaluation of their suitability, both in terms of 

linearity and also in terms of correct evaluation of the molecular weight distribution of two system 

suitability samples (respectively the starting Hep and DeS used for fractions separation), the curves 

were tested on the G12512 SLDX sample, obtaining quite satisfactorily results in comparison to the 

TDA results; the CV % calculated on the Mw value resulted from the absolute calibration and the 

conventional one were indeed very low, index once again of the suitability of the curves. Unfortu-

nately, also in this case the overlay phenomenon was a problem, in particular on the polydispersion 

index evaluation; anyway, we considered the curves good for study continuing. 



~ 76 ~ 

 
 

 

Finally, we prepared three DeS/Hep mixtures with different polysaccharides’ ratios in order to study 

how the two species can influence the chromatographic profile and most of all the molecular weight 

distribution, and we analyzed them using both TDA and conventional calibration methods. The first 

consideration made was on the chromatographic resolution of the three samples, which underlines 

how the overlay problem of the two species in mixture leads to underestimation or overestimations 

of the correct Mw value by above all the conventional method evaluation; in fact, not only the CV 

% of techniques comparison, but also the calculated difference between the starting material Mw 

and the experimentally resulted one, demonstrated difficulties in the correct evaluation of the mo-

lecular weight distribution by the conventional calibration curves created. Nevertheless, some prob-

lems were found also in the calculations with the TDA technique, for which under/overestimations 

of the recovery % of the fractions in mixture were obtained, index also that some improvements are 

needed, probably on the chromatographic resolution performances. One try was made, in this 

sense, using silica columns for G12512 analysis, and due to the very close to polymeric columns 

results, we did not use that bench for further investigations. 
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4.  Characterization of PF4/GAGs complexes 

  Heparin/PF4 interaction 

As mentioned above, the heparin structure is composed of repetitive disaccharidic units, that are 

ordered at least in three domains: a prevalently sulphated domain (NS-domain), a prevalently acet-

ylated domain (NA-domain) and a mixed one (NS-NA-domain). Of course, at physiological pH, all 

carboxylic acid and sulphate groups are deprotonated, leading heparin to reach the highest negative 

charge of any molecule in biology; most of the proteins bind to the NS-domains but the mixed do-

main, which contribute 20–25% of the polymer chain, also contribute to binding specificity. In view 

of this negative charge, electrostatic interactions were responsible for the nonspecific binding of 

proteins, while particular repetitive units sequences in heparin demonstrated a high degree of spec-

ificity, and so the heparin-binding to consensus sequences in proteins is a function of the polysac-

charide structure, composition and chain length as well as charge117. 

Chemokines are a group of small, cytokine-like proteins with a variety of biological functions includ-

ing selective recruitment and activation of cells during inflammation, stimulation of leukocyte 

degranulation and angiogenesis or angiostasis promotion118–120. The heparin interactions with 

chemokines, as well as the interaction with AT(III), described previously, are the best characterized; 

this interaction has been suggested to play a role in the formation of haptotactic gradients on the 

surface of endothelial cells and to enhance the local concentration of chemokines in the vicinity of 

G-protein- coupled receptors121–123. Platelet Factor 4 (PF4) is the first member of the chemokine 

family to be discovered, and it is released from platelets; it exerts several biological properties in-

cluding hematopoiesis and angiogenesis inhibition, platelet coagulation interference, and host in-

flammatory response promotion124. PF4 exists mainly as a tetramer under physiological conditions 

and binds to heparin with a very high affinity in a 1:1 ratio125,126. 
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Figure 4.1.1 A) PF4 tetramer crystal structure127 and B) PF4 complexed with heparin crystal lattice analysis128. 

 

As showed in Figure 4.1.1, panel A, the human PF4 can assume an asymmetric tetrameric configu-

ration; each monomer contains three-stranded antiparallel -sheets on which an aperiodic N-ter-

minal domain and an amphipathic C-terminal a-helix are folded127. The tetrameric structure of PF4 

is stabilized not only by salt bridge interactions between dimers AB/CD, but also by the antiparallel 

-sheet-like structures in the N termini of dimers AC or BD. Moreover, it has been assumed that the 

asymmetry of the PF4 tetramer plays a role in heparin binding129. 

Starting from the crystal study of the PF4-Fondaparinux complex, Cai et al proposed the Figure 4.1.1 

panel B pathway for the formation of the heparin/PF4 complex: heparin first binds to the groove in 

one PF4 tetramer, and this imparts a local linearized structure on heparin; then, a second PF4 te-

tramer binding is enhanced. Progression of this process eventuates in the formation of the large 

antigenic complex in which PF4 tetramers cluster around a semi-rigid linear heparin chain128. The 

authors’ presented model is also consistent with previous NMR and site-directed mutagenesis stud-

ies130–132. 

It is nowadays well known that PF4 and heparin interactions are exclusively charge dependent; op-

timal PF4/heparin complex formation occurs when the two compounds are present at certain molar 

amounts associated with charge neutralization133–136. Changes in molar amounts of PF4 or heparin 
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leading to excess of one component or another results in charge imbalance and increased repulsive 

forces that affect complex assembly. 

The PF4 heparin complex can lead to a dangerous immunologically induced loss of platelets causing 

a condition called heparin-induced thrombocytopenia (HIT); HIT is the heparin’s most clinically rel-

evant non-hemorrhagic complication. It is an immune side effect caused by antibodies that directed 

recognize the complexes containing heparin and PF4. Although the immune reaction is common (8% 

to 50%), clinical complications of thrombocytopenia and thrombosis are far less frequent, affecting 

~ 0.2% to 3% of patients exposed to the drug in various clinical settings137,138. 

At least, two different HIT types are known, a relatively common nonimmune, clinically harmless 

type I and a rare immune-mediated, serious HIT-type II. The first type, caused by direct interaction 

of heparin with the platelet membrane resulting in enhanced platelet aggregation, occurs in approx-

imately 10% of patients treated with heparins, usually within the first few days of treatment139. 

Heparin-induced thrombocytopenia type II, typically occurring 10 to 14 days following the initiation 

of heparin therapy in about 5% of treated patients, is an adverse immunological effect; in HIT type 

II, there is the formation PF4/heparin complexes that induce the binding of immunoglobulin G (IgG) 

antibodies to form immune complexes (ICs) (Figure 4.1.2). 

 

 

Figure 4.1.2 HIT Type II mechanism of action140 
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The IC binding to FcyRIIa receptors on the platelet membrane activates platelets leading to a greater 

release of PF4, platelet consumption, and the first HIT-type symptoms. The excess of PF4 binds GAGs 

on endothelial cell membrane to form new PF4 antigens and antibodies causing vascular endothelial 

injury, leading to thrombi formation and disseminated intravascular coagulation141. The antigenicity 

of the complex depends on the concentration, polydispersion (Pd), sulfation degree (DS), chemical 

composition, structure of the GAG, and structural and conformational changes of PF4 as suggested 

by NMR and circular dichroism spectroscopic studies142,143. 

Both HIT types occur more frequently with UFHs than with LMWHs or with the synthetic pentasac-

charide, fondaparinux, which does not form antigens with PF4 recognized by HIT antibodies137,144,145. 

UFH and LMWHs produce the same type of PF4 complexes but a different clinical frequency of HIT 

mainly due to the different sizes and amount of complexes formed. Greinacher et al presented a 

model for the interaction of LMWH, UFH, and fondaparinux with PF4 taking into account the differ-

ent plasma concentrations of the GAG anticoagulants135. They concluded that smaller 

PF4/LMWH/IgG complexes crosslink fewer of the platelet FcRIIa receptors, thereby activating 

platelets to a lesser degree than the larger PF4/UFH/IgG complexes. This is a likely reason for the 

reduced breakthrough of HIT-related thrombocytopenia and thrombosis with LMWH treatment 

among immunized patients. 

Asymptomatic patients developing HIT type I in the absence of the heparin-dependent antibody do 

not require specific treatment. However, it may be difficult to distinguish this condition from early 

type II; these patients should be closely monitored, and if there is any doubt, heparin should be 

discontinued140. On the contrary, for patients who develop HIT type II the main pinpoint of therapy 

is the absolute discontinuation of heparin. It is imperative that all potential sources of heparin be 

avoided, a task that can be difficult given the ubiquity of the drug in the hospital setting. Once hep-

arin is discontinued, the platelet count should begin to increase within 24 to 48 h and reach normal 

levels by 4 to 5 days146. After heparin therapy cessation, clinical management of patients with HIT is 

with a non–heparin anticoagulant such as a direct thrombin inhibitor or danaparoid followed by a 

vitamin K antagonist for long-term treatment; alternatively, anti–factor Xa drugs (fondaparinux, 

rivaroxaban, apixaban) and other non–heparin antithrombotic agents can potentially be used for 

the treatment of HIT if clinically validated147. 
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  Biophysical tools for PF4-Heparin complex characterization 

In recent years, biophysical tools have gained an important role to complement immunological and 

functional assays for better understanding the interaction of heparin with PF4148. This allowed iden-

tification of those features that make PF4 immunogenic (e. g. a certain conformational change in-

duced by the polyanion, a threshold energy of the complexes, the existence of multimeric com-

plexes, a certain number of bonds formed by PF4 with the polyanion) and to characterize the mor-

phology and thermal stability of complexes formed by the protein with polyanions. 

In the present work, the PF4/heparin complex characterization was performed by Photon Correla-

tion Spectroscopy (PCS), a very sensitive technique usually used to analyze the size of particles in 

solution by measuring the Brownian motion and relating this to the size of the particles136, the Zeta 

Potential evaluation (Zp), that can be calculated from the particle's electrophoretic mobility in solu-

tion and Isothermal Titration Calorimetry (ITC), a method that can provide, with only one experi-

ment, thermodynamic parameters like enthalpy (H), entropy (S), free Gibbs' energy (G), equi-

librium binding constant (Ka) and stoichiometry149. All the mentioned techniques have been used 

for studying protein binding to other proteins, peptides, and DNA, but has been challenging for 

characterizing protein–GAG interactions. 

Below, an overview of the principles of the mentioned techniques is reported. 

 

 Dynamic Light Scattering 

Dynamic Light Scattering (DLS), sometimes referred to as Photon Correlation Spectroscopy or Quasi-

Elastic Light Scattering, is a technique classically used for measuring the size of particles typically in 

the sub-micron region, dispersed in a liquid. The sensitivity of some modern systems is such that it 

can also now be used to measure the size of macromolecules in solution, e.g. proteins150. 

DLS measures Brownian motion and relates this to the size of the particles. Brownian motion is the 

random movement of particles due to the bombardment by the solvent molecules that surround 

them. The larger the particle or molecule, the slower the Brownian motion will be. Smaller particles 

are "kicked" further by the solvent molecules and move more rapidly. An accurately known temper-

ature is necessary for DLS because knowledge of the viscosity is required (because the viscosity of a 

liquid is related to its temperature). The temperature also needs to be stable, otherwise convection 

currents in the sample will cause non-random movements that will ruin the correct interpretation 
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of size. The velocity of the Brownian motion is defined by a property known as the translational 

diffusion coefficient (D), and the size of a particle is calculated from the translational diffusion coef-

ficient by using the Stokes-Einstein equation: 

 

 

 

where d(H) is the hydrodynamic diameter, k the Boltzmann’s constant, T the absolute temperature 

and  the viscosity. Note that the diameter that is measured in DLS is a value that refers to how a 

particle diffuses within a fluid, so it is referred to as a hydrodynamic diameter. The diameter that is 

obtained by this technique is the diameter of a sphere that has the same translational diffusion 

coefficient as the particle. The particle translational diffusion coefficient will depend not only on the 

size of the particle "core", but also on any surface structure that will affect the diffusion speed, as 

well as the concentration and type of ions in the medium. Factors that can affect the diffusion speed 

are discussed in the following sections. 

To explain how a DLS works, imagine if a cuvette, containing particles which are stationary, is illu-

minated by a laser and a frosted glass screen is used to view the sample cell. A classical speckle 

pattern would be seen (Figure 4.2.1). 

 

 

Figure 4.2.1 Schematic representation of a speckle pattern150 
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The speckle pattern will be stationary both in speckle size and position because the whole system is 

stationary. The dark spaces are where the phase additions of the scattered light are mutually de-

structive and cancel each other out. The bright blobs of light in the speckle pattern are where the 

light scattered from the particles arrives with the same phase and interfere constructively to form 

a bright patch. For a system of particles undergoing Brownian motion, a speckle pattern is observed 

where the position of each speckle is seen to be in constant motion. This is because the phase ad-

dition from the moving particles is constantly evolving and forming new patterns. The rate at which 

these intensity fluctuations occur will depend on the speed, and hence the size of the particles. 

Figure 4.2.2 schematically illustrates typical intensity fluctuations arising from a dispersion of large 

particles and a dispersion of small particles. The small particles cause the intensity to fluctuate more 

rapidly than the large ones. 

 

 

Figure 4.2.2 Typical intensity fluctuations for large and small particles150 

 

It is possible to directly measure the spectrum of frequencies contained in the intensity fluctuations 

arising from the Brownian motion of particles, but it is inefficient to do so. The best way is to use a 

device called a digital autocorrelator, that is basically a signal comparator. It is designed to measure 

the degree of similarity between two signals, or one signal with itself at varying time intervals. If the 
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intensity of a signal is compared with itself at time zero, then the two signals will be perfectly cor-

related. 

The important concept of the autocorrelator is that we are not comparing the intensities at discrete 

times, but comparing the history of the signal, over a significant time, as long as seconds, with the 

whole signal nanoseconds or microseconds later. This requires a large number of parallel multipli-

cations in real time and is the reason for dedicated hardware for this task. If the particles are large 

the signal will be changing slowly, and the correlation will persist for a long time (Figure 4.2.3, panel 

A); if the particles are small and moving rapidly then correlation will reduce more quickly (Figure 

4.2.3, panel B). These correlation functions are plotted with time on a log scale to help visualise 

decay rates that differ by orders of magnitude onto the same scale. 

 

 

Figure 4.2.3 Typical correlogram from a sample containing large particles (panel A) or small particles (panel B). 
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Size is obtained from the correlation function using various algorithms. There are two fundamentally 

different approaches that are often taken (1) fit a single exponential to the correlation function to 

obtain the mean size (z-average diameter) and an estimate of the width of the distribution (polydis-

persity index), and (2) fit a multiple exponential to the correlation function to obtain the distribution 

of particle sizes. 

 

 Zeta Potential evaluation 

Zeta potential is a physical property which is exhibited by any particle in suspension, macromolecule 

or material surface151. It can be used to optimize the formulations of suspensions, emulsions and 

protein solutions, predict interactions with surfaces, and optimize the formation of films and coat-

ings. Knowledge of the zeta potential can reduce the time needed to produce trial formulations. It 

can also be used as an aid in predicting long-term stability. 

In certain circumstances, the particles in a dispersion may adhere to one another and form aggre-

gates of successively increasing size, which may settle out under the influence of gravity. An initially 

formed aggregate is called a floc and the process of its formation flocculation. The floc may or may 

not sediment or phase separate. If the aggregate changes to a much denser form, it is said to un-

dergo coagulation. An aggregate usually separates out either by sedimentation (if it is denser than 

the medium) or by creaming (if it less dense than the medium). The terms flocculation and coagula-

tion have often been used interchangeably. Usually coagulation is irreversible whereas flocculation 

can be reversed by the process of deflocculation. Figure 4.2.4 schematically represents some of 

these processes. 
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Figure 4.2.4 Schematic diagram showing various mechanisms where stability may be lost in a colloidal dispersion.151 

 

The scientists Derjaguin, Verwey, Landau and Overbeek developed a theory in the 1940s which dealt 

with the stability of colloidal systems152. DVLO theory suggests that the stability of a colloidal system 

is determined by the sum of these van der Waals attractive (VA) and electrical double layer repulsive 

(VR) forces that exist between particles as they approach each other due to the Brownian motion 

they are undergoing (Figure 4.2.5, panel A). 

 

 

Figure 4.2.5 A) Schematic diagram of the variation of free energy with particle separation according to DVLO theory. 

B) Schematic diagram of the variation of free energy with particle separation at higher salt concentrations showing the possibil-

ity of a secondary minimum.151 
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This sum has a peak, and the theory proposes that particles that are initially separated are prevented 

from approaching each other because of the repulsive force. However, if the particles are forced 

with sufficient energy to overcome that barrier, for example by increasing the temperature, the 

attractive force will pull them into contact where they adhere strongly and irreversibly together. 

Therefore, if the particles have a sufficiently high repulsion, the dispersion will resist flocculation 

and the colloidal system will be stable. However, if a repulsion mechanism does not exist then floc-

culation or coagulation will eventually take place. If the zeta potential is reduced (e.g. in high salt 

concentrations), there is a possibility of a "secondary minimum" being created, where a much 

weaker and potentially reversible adhesion between particles exists (Figure 4.2.5, panel B). These 

weak flocs are sufficiently stable not to be broken up by Brownian motion, but may disperse under 

an externally applied force such as vigorous agitation. 

To maintain the colloidal stability, two different ways exist: a steric repulsion or an electrostatic one. 

Each mechanism has its benefits for particular systems. Steric stabilization is simple, requiring just 

the addition of a suitable polymer. However, it can be difficult to subsequently flocculate the system 

if this is required, the polymer can be expensive and in some cases the polymer is undesirable e.g. 

when a ceramic slip is cast and sintered, the polymer has to be 'burnt out'. This causes shrinkage 

and can lead to defects. Electrostatic or charge stabilization has the benefits of stabilizing or floccu-

lating a system by simply altering the concentration of ions in the system. This is a reversible process 

and is potentially inexpensive. 

The development of a net charge at the particle surface affects the distribution of ions in the sur-

rounding interfacial region, resulting in an increased concentration of counter ions, ions of opposite 

charge to that of the particle, close to the surface. Thus, an electrical double layer exists round each 

particle. The liquid layer surrounding the particle exists as two parts; an inner region (Stern layer) 

where the ions are strongly bound and an outer (diffuse) region where they are less firmly associ-

ated. Within the diffuse layer there is a notional boundary inside which the ions and particles form 

a stable entity. When a particle moves (e.g. due to gravity), ions within the boundary move it. Those 

ions beyond the boundary stay with the bulk dispersant. The potential at this boundary (surface of 

hydrodynamic shear) is the zeta potential (Figure 4.2.6). 
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Figure 4.2.6 Schematic representation of zeta potential.151 

 

The magnitude of the zeta potential gives an indication of the potential stability of the colloidal 

system. If all the particles in suspension have a large negative or positive zeta potential, then they 

will tend to repel each other and there will be no tendency for the particles to come together. How-

ever, if the particles have low zeta potential values then there will be no force to prevent the parti-

cles coming together and flocculating. 

The general dividing line between stable and unstable suspensions is generally taken at either +30 

or -30 mV. Particles with zeta potentials more positive than +30 mV or more negative than -30 mV 

are normally considered stable. However, if the particles have a density greater than the dispersant, 

even though they are dispersed, they will eventually sediment forming a close packed bed. 

 

 Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) is the most quantitative means available for measuring the 

thermodynamic properties of a protein-protein interaction153. ITC measures the binding equilibrium 

directly by determining the heat evolved on association of a ligand with its binding partner. In a 

single experiment, the values of the binding constant (Ka), the stoichiometry (n), and the enthalpy 

of binding (Hb) are determined. The free energy and entropy of binding are determined from the 
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association constant. The temperature dependence of the Hb parameter, measured by performing 

the titration at varying temperatures, describes the heat capacity of binding term (Cp). 

An ITC instrument consists of two identical cells composed of a highly efficient thermal conducting 

material (Hasteloy or gold) surrounded by an adiabatic jacket (Figure 4.2.7). 

 

 

Figure 4.2.7 Scheme of an adiabatic jacket.153 

 

The jacket is usually cooled by a circulating water bath. Sensitive thermopile/thermocouple circuits 

detect temperature differences between the two cells and between the cells and the jacket. Heaters 

located on both cells and the jacket are activated when necessary to maintain identical tempera-

tures between all components. In an ITC experiment, the macromolecule solution is placed in the 

sample cell. The reference cell contains buffer or water minus the macromolecule. Prior to the in-

jection of the titrant, a constant power is applied to the reference cell. This signal directs the feed-

back circuit to activate the heater located on the sample cell. This represents the baseline signal. 

The direct observable measured in an ITC experiment is the time-dependent input of power re-

quired to maintain equal temperatures in the sample and reference cell. During the injection of the 

titrant into the sample cell, heat is taken up or evolved depending on whether the macromolecular 
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association reaction is endothermic or exothermic. For an exothermic reaction, the temperature in 

the sample cell will increase, and the feedback power will be deactivated to maintain equal temper-

atures between the two cells. For endothermic reactions, the reverse will occur, meaning the feed-

back circuit will increase power to the sample cell to maintain the temperature. 

The heat absorbed or evolved during a calorimetric titration is proportional to the fraction of bound 

ligand. Thus, it is of extreme importance to determine accurately the initial concentrations of both 

the macromolecule and the ligand. For the initial injections, all or most of the added ligand is bound 

to the macromolecule, resulting in large endothermic or exothermic signals depending on the na-

ture of the association. As the ligand concentration increases, the macromolecule becomes satu-

rated and subsequently less heat is evolved or absorbed on further addition of titrant. The amount 

of heat evolved on addition of ligand can be represented by the following equation: 

 

1 �
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where V0 is the volume of the cell, Hb is the enthalpy of binding per mole of ligand, [M]t is the total 

macromolecule concentration including bound and free fractions, Ka is the binding constant, and [L] 

is the free ligand concentration. 

 

 Physical-chemical characterization of PF4-Heparin Complexes 

 Introduction 

Treatment with heparin or LMWH products can be associated with a potentially fatal adverse event, 

heparin-induced thrombocytopenia (HIT)154. This occurs when the patient produces antibodies to 

heparin or LMWH in complex with the chemokine platelet factor (PF4), leading to irreversible ag-

gregation and depletion of blood platelets (thrombocytopenia). 

Biological and physical-chemical evaluations of the PF4/heparin complex are not at the moment 

required by entities like the American Food and Drugs Administration (FDA), but of course kindly 

suggested, in particular FDA expects sponsors of generic enoxaparin products to demonstrate that 

their manufactured versions do not have any higher risk of these or other dangerous reactions than 
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Lovenox155.  The chosen method(s) must be suitable for identifying differences in the /heparin com-

plexes, in e.g. in their sizes or charges, and the development and validation studies that support the 

suitability of the method(s) selected should be submitted to the application. The results obtained 

should be confirmed using an orthogonal method, whenever possible. 

The size of the PF4/heparin complex is important for the pathogenesis of HIT, and in fact were ob-

served clear differences in the frequency of clinically manifest of HIT depending on the heparin chain 

length (UFH> LMWH>fondaparinux), and these variances were based on the different sizes and 

amounts of their respective complexes formed with PF4135. The size distribution had been investi-

gated by size exclusion chromatography (SEC) using the radiolabeled protein134, and it has been 

shown that the formation of ultralarge complexes (ULCs) and small-size complexes (SC) of UFH and 

PF4 occurs over a narrow ratio of molar concentrations, and that their relative proportion depends 

on the amount of heparin present in the solution. In fact, the ULCs were found predominantly for 

PF4/heparin ratios greater than 1, whereas the SCs are more abundant at ratios lower than 1. In 

order to overcome the need to radiolabel PF4 and the low sensitivity of HPLC-SEC, the same authors 

published another study examining the macromolecular complexes formed at distinct protein/hep-

arin ratios using photon correlation spectroscopy (PCS). Suvarna et al observed a progressive in-

crease followed by a decrease of PF4 particle size that was a function of the PF4-heparin concentra-

tion ratio (PHR). 

As mentioned previously, the PF4 heparin interaction is related to electrostatic interaction, in par-

ticular to the sulfation degree; for this reason, the evaluation of the complexes surface charge is an 

important parameter to be evaluated. 

 

 Aims of the work 

While immunological and biochemical methods have been used since the 1990s to characterize the 

interaction between PF4, polyanions, and anti-PF4/heparin antibodies, biophysical tools have been 

increasingly applied during the past decade148. In this work, we evaluated the formation of com-

plexes between PF4 and heparin of different sources and different molecular weights by PCS and Zp 

evaluation, useful techniques used for particles in solution characterization, and ITC analysis, a tech-

nique widely used for protein-ligand interaction studies; moreover, all the techniques mentioned 

were already used for PF4/heparin interaction with very good results156,157. 
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  Materials and Methods 

4.3.2.1. Samples 

The complete list of the research samples under investigation is reported in Table 4.3.1; the weight 

average molecular weight (Mw, Da) and polydispersion index (Mw/Mn), obtained by HP-SEC-TDA 

technique, and the sulfation degree, obtained by 2D HSQC NMR experiment are also reported. The 

three LMWHs are enoxaparins, that where kindly provided from prof. Fareed’s research group of 

the Loyola University of Chicago. 

 

Table 4.3.1 Samples in analysis. 

Sample name Sample type Mw (Da) Mw/Mn DS 

G9850 Porcine UFH 18100 1.30 2.4 

G11388 Bovine UFH 15900 1.52 2.8 

G12301 Ovine UFH 15100 1.32 2.7 

G12292 Porcine LMWH 4500 1.30 2.5 

G13152 Bovine LMWH 4600 1.31 2.5 

G13168 Ovine LMWH 4400 1.28 2.7 

 

As can be observed, in the present study a considerably higher Mw porcine UFH was used in respect 

of the same origin samples analysed earlier (see Chapter 3.2); this choice was decided with the idea 

of having a wide range of molecular weights (and so of chains length) to be tested.  

 

4.3.2.2. PCS and Zeta Potential analysis 

Protein dissolution 

PF4 was purchased by Cromatec GmbH as 1 mg vials freeze-dried in Hanks’ Balanced Salt Solution 

(HBSS, Sigma Aldrich), and each vial was reconstituted in 1 ml of deionized and filtered H2O, reaching 

a final 1 mg/ml protein concentration, that corresponds to 32 M concentration, and a 5 % HBSS 

total amount. Once solubilized, the protein was left about 2 h under stirring to enhance complete 

dissolution. 

 

Titration solutions preparation 

In order to prepare the different sample solutions, the following scheme was followed: 

o 0.2mM each sample (solution 1; considering the molecular weight of sample reported in 

Table 4.3.1) 
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o 31.6l solution 1+68.4l H2O = 0.0632mM (solution 2); 

o 31.6l solution 2+68.4l H2O = 0.0200mM (solution 3); 

o 31.6l solution 3+68.4l H2O = 0.00632mM (solution 4); 

o 31.6l solution 4+68.4l H2O = 0.00200mM (solution 5); 

To perform the evaluation of PF4/heparin interaction, titration of protein by the samples was per-

formed at different Protein/Heparin Ratio (PHR), calculated as: 

 

PHR= 
hPF4 molar concentration

Heparin molar concentration
 

 

At least, five PHR were selected for each titration curve, taking into account samples’ molecular 

weight distribution and each PHR solution was prepare starting with the addition of the proper sam-

ple amount to the related H2O/HBSS volumes; then, 4 or 40 l of PF4 was added and analysis was 

performed at room temperature 60 minutes after mixing for PCS analysis, or 10 minutes after mixing 

for Zeta Potential analysis, times optimized previoulsy156. PHR solutions preparations for respectively 

PCS and Zp experiments are reported in the following tables. 

 

Table 4.3.2 G9850 PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 3.2l solution 5 0.080M 73l 20.0 

4l 1.6M 4.0l solution 5 0.100M 72l 16.0 

4l 1.6M 5.0l solution 5 0.125M 71l 12.8 

4l 1.6M 7.1l solution 5 0.178M 69l 9.0 

4l 1.6M 10l solution 5 0.250M 66l 6.4 
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Table 4.3.3 G11388 PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 4.0l solution 5 0.100M 72l 16.0 

4l 1.6M 5.0l solution 5 0.125M 71l 12.8 

4l 1.6M 10l solution 5 0.250M 66l 6.4 

4l 1.6M 6.3l solution 4 0.500M 70l 3.2 

4l 1.6M 10.1l solution 4 0.800M 66l 2.0 
 

Table 4.3.4 G12301 PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 4.0l solution 5 0.100M 72l 16.0 

4l 1.6M 5.0l solution 5 0.125M 71l 12.8 

4l 1.6M 7.1l solution 5 0.178M 69l 9.0 

4l 1.6M 10l solution 5 0.250M 66l 6.4 

4l 1.6M 6.3l solution 4 0.500M 70l 3.2 
 

Table 4.3.5 LMWHs PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 10l solution 5 0.250M 66l 6.4 

4l 1.6M 5.1l solution 4 0.400M 71l 4.0 

4l 1.6M 6.3l solution 4 0.500M 70l 3.2 

4l 1.6M 10.1l solution 4 0.800M 66l 2.0 

4l 1.6M 5.8l solution 3 1.455M l 1.1 
 

Table 4.3.6 G13062 Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 3.2l solution 3 0.080M 757l 20.0 

40l 1.6M 4.0l solution 3 0.100M 756l 16.0 

40l 1.6M 5.0l solution 3 0.125M 755l 12.8 

40l 1.6M 7.1l solution 3 0.178M 753l 9.0 

40l 1.6M 10l solution 3 0.250M 750l 6.4 
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Table 4.3.7 G11388 Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 4.0l solution 3 0.100M 756l 16.0 

40l 1.6M 5.0l solution 3 0.125M 755l 12.8 

40l 1.6M 10l solution 3 0.250M 750l 6.4 

40l 1.6M 6.3l solution 2 0.500M 754l 3.2 

40l 1.6M 10.1l solution 2 0.800M 750l 2.0 

 

Table 4.3.8 G12301 Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 4.0l solution 3 0.100M 756l 16.0 

40l 1.6M 5.0l solution 3 0.125M 755l 12.8 

40l 1.6M 7.1l solution 3 0.178M 753l 9.0 

40l 1.6M 10l solution 3 0.250M 750l 6.4 

40l 1.6M 6.3l solution 2 0.500M 754l 3.2 

 

Table 4.3.9 LMWHs Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PHR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 10l solution 3 0.250M 750l 6.4 

40l 1.6M 5.1l solution 2 0.400M 755l 4.0 

40l 1.6M 6.3l solution 2 0.500M 754l 3.2 

40l 1.6M 10.1l solution 2 0.800M 750l 2.0 

40l 1.6M 5.8l solution 1 1.455M 754l 1.1 

 

Data elaboration 

Analysis were acquired using a Zetasizer Nano ZS instrument (Malvern Panalytical, UK) with the re-

lated dedicated software Zetasizer version 7.12. Data where then exported in Excel for the Z-Aver-

age vs PHR plot creation (PCS titration) or further copied in GraphPad software to fit the PHR vs the 

Zeta Potential and obtaining the Zp=0 PHR, which represents the maximum of aggregation (Zeta 

Potential titrations). 
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Instrument set up 

o Size acquisition parameters 

Material: Protein 

Dispersant: deionized water 

General options: Use dispersant viscosity as sample viscosity 

Temperature: 25°C 

Equilibration time: 30 secs 

Cell: Disposable micro cuvette, for size measurement, minimum volume 40µL (ZEN0040, Malvern 

Panalytical Instruments Ltd) 

Measurement: Angle: 173° Backscatter 

Number of runs: 10 runs 

Run duration: 10 secs 

Number of measurements: 3 

Delay between measurements: 5 secs 

Position method: Seek for optimum position 

Automatic attenuation selection: Yes 

Data processing: General purpose (normal resolution) 

 

To obtain the size of complexes in solution, single exponential fitting of correlation function was 

applied and mean size in terms of z-average radius was obtained. 

 

o Zeta Potential acquisition parameter 

Material: Protein 

Dispersant: deionized water 

Sample viscosity: Use dispersant viscosity as sample viscosity 

Model for F(Ka): Smoluchowsky F(Ka) = 1.50 

Temperature: 25°C 

Equilibration time: 30 secs 

Cell: Disposable folded cuvettes for the measurement of Zeta Potential, minimum volume 800 l 

(DTS1070, Malvern Panalytical Instruments Ltd) 
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Measurement: manual (alternately automatic. with number run between 10 to 100) 

Number of runs: 10 for every measurement  

Number of measurements: 6 

Delay between measurement: 5 secs 

Automatic attenuation selection: Yes 

Automatic voltage selection: Yes 

Data processing: Monomodal 

 

4.3.2.3. ITC analysis 

PF4 solution preparation 

PF4 1 mg per vial was reconstituted in water as reported in section 4.2.2.1; then, it was diluted to 

10 M or 3.75 M for titrations analysis of UFHs and LMWHs respectively with HBSS. 280l of PF4 

diluted solution were loaded in the instrument sample cell. 

 

Samples preparation 

Each heparin sample was first prepared at 0.2 mM in HBSS; then, UFHs were diluted to 50 M and 

LMWHs to 75 M, in HBSS, and each solution was then loaded in the instrument syringe. 

 

Data elaboration 

ITC measurements were carried out using a MicroCal PEAQ-ITC (Malvern Instruments), and data 

were acquired and elaborated with the dedicated MicroCAL PEAQ-ITC Analysis Software version 

1.0.0.1259. 

 

Instrument set up 

For each experiment, a 60-second delay was followed by the injection of 1 or 2 L of respectively 

UFHs and LMWHs, for a total of 19 titration points spaced 240 seconds apart; sample cell was main-

tained at 25°C under stirring, 1000 rpm. HBSS solution was used as reference buffer and loaded in 

the instrument reference cell. 
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 Results 

4.3.3.1. PCS titrations results 

Heparin is a polydisperse polysaccharide whose sulfation pattern, average chain length, and molec-

ular weight distribution were found to vary, not only with respect to the source material, organ, and 

species but also to manufacturing process. In order to study how such variability can affect the ag-

gregation of hPF4, 3 UFHs samples and 3 LMWHs samples derived from different species were stud-

ied. These samples exhibit different degrees of sulfation and average molecular weights, as reported 

in Table 4.3.1. The obtained titrations results are showed in Figure 4.3.1, while data are reported in 

Table 4.3.10, in which in italic are highlighted the PHR for which the maximum is achieved. 

The PCS method employed was already optimized for PF4/heparin interaction in our laboratory, 

with very good results156, and further improved, in particular in terms of method validation158. 

 

 

Figure 4.3.1 PCS titrations results 
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Table 4.3.10 PCS titrations results 

Sample  Sample type PHR Maximum aggregation Z-average (nm) 

G9850 Porcine UFH 9.0 1030 

G11388 Bovine UFH 6.4 940 

G12301 Ovine UFH 6.4 1130 

G12292 Porcine LMWH 2.0 560 

G13152 Bovine LMWH 2.0 660 

G13168 Ovine LMWH 2.0 550 

 

The size of particles follows a bell-shaped curve with a maximum achieved at different PHR values 

varying average molecular weight; in particular, 9.0 for G9850, 6.4 for G11388 and G12301, and 2.0 

for the three LMWHs were obtained. 

Comparing the three UFHs, lower concentrations, so a higher PHR, of porcine UFH are needed to 

form the large complexes as compared to the other heparins; moreover, ovine heparin forms slightly 

larger aggregates, a behaviour already observed previously156. The three samples showed the for-

mation of the already mentioned ULCs on the surface of platelets, a phenomenon that provides a 

dynamic structure that facilitates formation of an array of multiple IgG antibodies134; the size of the 

complexes is quite similar, although the molecular weight is significantly different, and this fact is 

probably due to the higher DS of G11388 (2.8) and G12301 (2.7) in respect to G9850 (2.4). Anyway, 

the higher PHR of maximum aggregation reached with G9850 is consistent with its higher Mw, and 

in fact G11388 and G12301 titrations are more like that reported by Bertini et al for porcine heparin 

fraction with a Mw of 14.7 kDa; the similarity is not only about the PHR max, but also in the size of 

the complex reached156. 

Instead, the three LMWHs resulted with very similar both titration curves and size of the complexes 

reached at the PHR of maximum aggregation (2.0); very slightly higher the G13152 size, but we can 

consider it not significantly different, since under these conditions the measurement is more insta-

ble due to the several equilibria that are present among the different structures in solution whose 

increase the polydispersity index of the measurement, already reported159. 
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Another important observation is that LMWHs did not form ULCs, confirming literature data134, and 

reached the maximum of aggregation only at much lower PF4-heparin ratios in respect of UFHs, so 

these sample would be predicted to be less likely to provoke antibody formation. 

 

4.3.3.2. Zeta Potential titrations results 

The Zp of complexes was measured using conditions analogous to those of the PCS experiments, 

whereby increasing amounts of heparin were incubated with a fixed concentration of hPF4. The only 

significant difference is in the solvent used for solutions preparation; the choice of water instead of 

HBSS was mainly due to exclude any interference of the salt on Zp evaluation, and in fact it was 

studied previously that analysing PF4 at higher HBSS concentrations than 5 %, different Zp were 

obtained156. 

A sigmoidal equation was fitted to the Zp versus the logarithm of PHR data to obtain the PHR value 

of the curve that corresponds to the neutral state of the complex (Zp = 0). The PHR values at which 

Zp =0 mV for each heparin, are reported in Table 4.3.11, while the fitted curves are shown in Figure 

4.3.2. 

As well as for PCS technique, the Zp measurement method employed was already optimized for 

PF4/heparin interaction in our laboratory, with very good results156, and further improved, in par-

ticular in terms of method validation158. 

 

Table 4.3.11 Zp titrations results 

Sample  Sample type PHR for Zp=0 

G9850 Porcine UFH 12.9 

G11388 Bovine UFH 9.0 

G12301 Ovine UFH 10.0 

G12292 Porcine LMWH 3.6 

G13152 Bovine LMWH 3.4 

G13168 Ovine LMWH 3.0 
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Figure 4.3.2 Zeta Potential Titrations results 

 

Comparing the UFHs, in accordance with the PCS result, G9850 exhibited the higher PHR of maxi-

mum aggregation (approximately 13), confirming that molecular weight is an important parameter 

in determining hPF4/heparin complex formation. G11388 differs from porcine and ovine samples in 

terms of the higher concentration required to obtain the neutrality of charge (PHR = 9.0), even 

though its maximum complex size was the lower. The only parameter significantly different is the 

DS, which is lower for the porcine than the then the others (again, 2.4 for the porcine G9850, 2.8 

for the bovine G11388 and 2.7 for the ovine G12301), but anyway for all samples the Zp=0 are 

reached at PHR at least not so different, taking into account that the standard deviation calculated 

on the Zp=0 obtained by titrating five times the same porcine UFH is ± 4.2158, confirming that also 

the sulfate groups play an important role in the PF4/heparin interaction. 

Going on with the LMWHs, very slight differences were observed with Zp=0 PHR values, that re-

sulted in a range between 3.6 (porcine heparin) and 3.0 (ovine heparin). Considering that the hepa-

rin pattern is not linear, it is obvious to suppose that these variances are due to equilibria phenom-

ena between different species in solutions charged in different manner, an observation already 

done for the PCS measurement; the declared DS reported in Table 4.3.1 (respectively 2.5 for the 

porcine G12292 and the bovine G13152 and 2.7 for the ovine G13168), in fact, is an average value, 
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so it is highly probable to obtain scattered results. Anyway, we can consider the variances not sig-

nificant, since the standard deviation calculated on the Zp=0 obtained by titrating five times the 

same porcine LMWH is ± 4.2158. 

An overall consideration on Zp analysis is that this technique is suitable for discerning between UFHs 

and LMWHs, as already reported by Bertini et al previously156. 

 

4.3.3.3. Isothermal Titration Calorimetry results 

To assess the thermodynamics of PF4 interaction with UFHs and LMWHs of different sources, ITC 

analysis, which directly measures changes in heat that occur during complex formation, was per-

formed. In particular, a microITC instrument was employed in this work, which has the great ad-

vantages of a low protein amount need and a high sensitivity to low heat released, a condition very 

common for non-specific interactions. 

As well as for PCS and Zeta Potential evaluations techniques described above, the ITC method for 

PF4/heparin interaction was optimized starting from some literature data157; in particular, we first 

evaluated the better analysis conditions, in terms of both protein and samples concentrations using 

the two porcine samples, then, we assessed if also with this technique it is possible to discriminate 

between high and low molecular weight heparins, and finally we perform the measurements on all 

the different sources samples. 

 

Samples concentrations optimization 

An important aspect of an ITC experiment is to choose the correct concentration of the ligand. This 

parameter depends on the “c” value, expressed as 

� �
�9'

!:

 

where n is the number of sites per protein molecule, Pt is the concentration of the titrated protein, 

and Kd the dissociation constant. On the c value depends the shape of the isothermal curve, and its 

optimal range should be between 20 and 100, in order to obtain a sigmoidal shape and consequently 

a good fit to correctly estimate the thermodynamic parameters149. 
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The experimentation started with the optimization of LMWH analysis; G12292 was analysed at three 

different concentrations, while the protein was maintained at 3.75 M (concentration loaded in the 

instrument sample cell), as reported in Table 4.3.12. 

At this stage, we did not modify the protein concentration in order to prevent precipitation phe-

nomena of the two samples, knowing that high concentrations of heparin are needed. 

 

Table 4.3.12: G12292 ITC experiments conditions. 

Experiment [Heparin] (M) [PF4] (M) 

1 30 3.75 

2 75 3.75 

3 150 3.75 

 

The obtained titration curves are reported in Figure 4.3.3, where the raw heat released in function 

of the time (upper graphs, DP cal/s) and the integrated heats as a function of the molar ratio of 

heparin/PF4 (lower graphs, H kcal/mol) for each experiment are shown. 

 

 

Figure 4.3.3 G12292 conditions set up results 

 

In Table 4.3.13, the c values calculated for the three experiments, with the related n sites and Kd (M) 

are reported; moreover, the H (kcal/mol) of the interaction is reported. 
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Table 4.3.13 G12292 concentration optimization results 

Experiment Kd (M) n sites H (kcal/mol) c value 

1 1.72E-07 0.69 -9.8 14.9 

2 1.32E-07 0.77 -6.2 21.9 

3 2.29E-07 0.86 -10.6 14.0 

 

G12292 interacted exothermically with the PF4, although the heat released was very low (about -

10 kcal/mol). The experiment 1 titration curve resulted at least poor in molar ratio points after the 

flex, while the experiment 3 resulted poor in molar ratio points before the flex; anyway, both the 

dissociation constant and the number of active sites resulted very similar, but looking at the c value 

calculated, only experiment 2 in inside the declared acceptable range, and in fact its curve has a 

good fitting both before and after the flex, so a LMWH concentration of 75 M was choose for 

different sources comparison. 

Then, the UFH concentration was optimized, using G9850 sample; in Table 4.3.14, the tested con-

centrations are reported, while in Figure 4.3.4, the titration curves are shown, in terms of raw heat 

released in function of the time (panel A graphs, DP cal/s) and the integrated heats as a function 

of the molar ratio of heparin/PF4 (panel B graphs, H kcal/mol) for each experiment. 

 

Table 4.3.14 G9850 ITC experiments conditions 

Experiment [Heparin] (M) [PF4] (M) 

1 37.5 3.75 

2 75.0 3.75 

3 37.5 10.0 

4 50.0 10.0 

 

As for G12292 experiments, the G9850 titrations results are reported in Table 4.3.15. 
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Table 4.3.15 G9850 concentration optimization results 

Experiment Kd (M) n sites H (kcal/mol) c value 

1 0.50E-08 0.09 -30.0 66.8 

2 8.77E-08 0.14 -57.1 5.9 

3 1.52E-08 0.05 -27.7 34.2 

4 1.76E-08 0.05 -52.9 26.1 
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Figure 4.3.4 G9850 conditions set up results 
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Two different PF4 concentrations were tested, 3.75 M, the same concentration used for LMWH, 

and 10 M; with the lower amount of protein high molar heparin/PF4 ratios were achieved after 

the very first injections, a problem that leads to the loss of points in the flex part of the curve with 

the consequently error calculations of the dissociations constants and the N sites. Moreover, in ex-

periment 2, a high noise after injections was observed (see Figure 4.3.4, panel A) probably due to 

precipitation of PF4/heparin complexes (phenomenon owed to the too much high concentration of 

heparin). So, for UFH, the increase of the protein concentration leads to obtain more stable titra-

tions that resulted with more similar KD and N sites values. 

Looking at the c values obtained, with the very exception of experiment 2, perfectly in range results 

were obtained, in particular an interesting 66.8 was obtained for experiment 1, that was anyway 

discharged for the reasons mentioned above. Comparing experiments 3 and 4, the c values are quite 

similar, but in 4, higher H values are reached, so at least the 4 conditions were selected for contin-

uing the study. 

 

UFH vs LMWH comparison 

At this point of the experimentation, the capability in discriminating between a high and a low mo-

lecular weight heparin as PCS and Zp techniques was evaluated, so the selected experiments 2 and 

4 for respectively G12292 and G9850 (see Tables Table 4.3.12 and Table 4.3.14) were compared. The 

titration curves overlay, again in terms of integrated heats as a function of the molar ratio of hepa-

rin/PF4 (H kcal/mol) are showed in Figure 4.3.5, while the thermodynamic parameters obtained 

are reported in Table 4.3.16. 
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Figure 4.3.5 G12292 and G9850 ITC integrated heat titration curves overlay 

 

Table 4.3.16 Comparison of G9850 and G12292 thermodynamic parameters 

Sample N sites KD (M) H (kcal/mol) G (kcal/mol) -TS (kcal/mol) 

G9850 0.05 1.76E-8 -52.9 -10.6 42.4 

G12292 0.77 1.32E-7 -6.2 -9.4 -3.2 

 

The first observation made by looking at Figure 4.3.5 is that the flex of the G9850 (UFH sample) 

titration curve is reached at lower heparin/PF4 molar ratios, leading also to a lower N sites value, so 

of course this sample has a higher affinity to PF4, and this is confirmed by the lower KD obtained; 

moreover, converting the N sites into PHR (calculated as 1/N), respectively 22 and 1.3 for G9850 

and G12292 are obtained and these results are on line with the Zp evaluation method. 

Another important observation is that for the UFH the interaction is more exothermic than the 

LMWH one, so a more favourable binding is achieved, a result consistent with literature160; moreo-

ver, a UFH has longer chain length so it is reasonable to say that a larger quantity of hydrogen bonds 

can be formed. Anyway, for both samples, negative values of G were reached so as expected the 

interaction is spontaneous. 

Finally, the -TS, of course, resulted different, in particular for G9850 is strongly positive, so appar-

ently the conformational changes are unfavourable; on the contrary, G12292 seems to favour these 

changes in the protein. 
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Comparison of different sources UFHs and LMWHs 

After having assessed the suitability of the optimized ITC method in discriminating between a high 

and a low molecular weight heparin, the next and final step was to compare the PF4/heparin inter-

action thermodynamic parameters of the different sources’ samples, as already done with PCS and 

Zp techniques. To better keep in mind the conditions used and the sample in analysis, in Table 4.3.17 

the concentrations of both protein and heparin are reported, as well as the type of sample. 

 

Table 4.3.17 Summary of samples and conditions used for ITC comparison analysis 

Sample  Sample Type [Heparin] (M) [PF4] (M) 

G9850 Porcine UFH 50 10 

G11388 Bovine UFH 50 10 

G12301 Ovine UFH 50 10 

G12292 Porcine LMWH 75 3.75 

G13152 Bovine LMWH 75 3.75 

G13168 Ovine LMWH 75 3.75 

 

In Table 4.3.18, the titrations results are reported, in terms of thermodynamic parameters (H, G 

and -TS, kcal/mol), dissociation constant and number of interactions sites; instead, the titration 

curves are reported in Figure 4.3.6, the UFHs ones, and in Figure 4.3.7, the LMWHs ones. 
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Table 4.3.18 ITC results 

Sample Source N sites KD (M) H (kcal/mol) G (kcal/mol) -TS (kcal/mol) 

G9850 Porcine UFH 0.05 1.80E-08 -52.9 -10.6 42.4 

G11388 Bovine UFH 0.07 1.07E-07 -63.0 -9.5 53.5 

G12301 Ovine UFH 0.08 7.10E-08 -45.5 -9.8 35.7 

G12292 Porcine LMWH 0.77 1.32E-07 -6.2 -9.4 -3.2 

G13152 Bovine LMWH 0.98 1.12E-07 -10.8 -9.5 1.3 

G13168 Ovine LMWH 0.88 1.24E-07 -13.2 -9.4 3.7 

 

 

Figure 4.3.6 UFH titration curves results 

 

 

Figure 4.3.7 LMWH titration curves results 
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Starting with the three UFHs, the porcine one showed both the lower KD constant and the lower 

number of interaction sites, so it seems that its interaction with the protein is stronger than the 

other two, although the G developed is only slightly higher than the other two; again, converting 

the number of sites into PHR (again, as 1/N), values of 22.0, 14.3 and 12.0 for respectively porcine, 

bovine and ovine heparins were obtained, so we can confirm that smaller amount of G9850 are 

needed to obtain the maximum of interaction. 

By the Table 4.3.18, the heat released by G11388 is higher than the other two samples, although it 

seems to show the lower affinity to PF4; the most probable reason for this behaviour could be found 

in its higher DS (2.8) and so in its bigger number of sulfate groups, so it is reasonable to say that the 

hydrogen bond formed increased. Moreover, G12301 shows the less heat released but also the less 

S parameter, so it is the sample that seems to favour most the conformational changes of the 

protein, that is necessary for PF4 to enhance its antigenity128; this outcome is in good accordance 

with the Bertini et al observation for the ovine heparin sample156, for which larger complexes were 

obtained by PCS so it could reasonably be assumed that the ability in forming complexes is greater 

for an ovine UFH sample. 

Going on with the LMWHs, again the porcine sample showed the need of a less quantity to reach 

the maximum of interaction, with a calculated PHR of 1.3 versus the 1.0 and 1.1 values for respec-

tively bovine and ovine samples; on the contrary of the UFHs, in this case, the gap between the 

LMWHs is smaller, confirming the similarity already showed by PCS and Zp technique. Besides, the 

released G is not only negative, indicating a spontaneous process of interaction, but also quite the 

same for all, and in addition also the dissociation constants are very similar, further confirmations 

of their same affinity for PF4. 

Comparing the other thermodynamic parameters, in this case G12292 released less heat then 

G13152 and G13168, and it is the only sample for which the entropy contribute is negative; the 

three samples are all enoxaparin, so were obtain by the same pathway, however some variances in 

the chain pattern could be obtained, in particular in the disaccharide composition, as reported by 

Watt et al161. Nevertheless, the main parameters that could interfere with the interaction with PF4, 

are molecular weight distributions and sulfation degrees, that are quite the same for the three sam-

ples under investigation. So, to justify the porcine LMWH behaviour, we can hypothesize that there 

is something that in some way could disturb the interaction, for example a different counterion. 
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 Overall discussion and conclusions 

The interaction of PF4 and heparin is regulated by a dynamic equilibrium, where the stability of 

complexes depends, among other things, on the relative concentrations of PF4 and heparin. Com-

plexes of PF4 and heparin can be characterized in terms of their size and, due to the electrostatic 

nature of interaction, surface charge; besides, the thermodynamic parameters of a ligand-protein 

interaction can elucidate how strong and favourable is the complex formation process, and due to 

the poor knowledge in this sense for PF4/heparin interaction, studying them could be very useful. 

The present study has the goal to analyse and compare by diverse techniques the interaction be-

tween PF4 and a variety of heparins obtained by different sources, with diverse molecular weight 

distributions. To resume, in Table 4.3.19 a summary of the main results of the study is reported. 

 

Table 4.3.19 Summary of the PF4/heparin interaction study 

Sample Mw (Da) Mw/Mn DS 
PCS Zp 

PHR max Size nm PHR for Zp=0 

G9850 18100 1.3 2.4 9.0 1030 12.9 

G11388 15900 1.5 2.8 6.4 940 9.0 

G12301 15100 1.3 2.7 6.4 1130 10.0 

G12292 4500 1.3 2.5 2.0 560 3.6 

G13152 4600 1.3 2.5 2.0 660 3.4 

G13168 4400 1.3 2.7 2.0 550 3.0 

Sample 
ITC 

n sites Calculated PHR KD (M) H kcal/mol G kcal/mol -TS kcal/mol 

G9850 0.05 22.0 1.80E-08 -52.9 -10.6 42.4 

G11388 0.07 13.0 1.07E-07 -63.0 -9.5 53.5 

G12301 0.08 14.0 7.10E-08 -45.5 -9.8 35.7 

G12292 0.77 1.3 1.32E-07 -6.2 -9.4 -3.2 

G13152 0.98 1.0 1.12E-07 -10.8 -9.5 1.3 

G13168 0.88 1.1 1.24E-07 -13.2 -9.4 3.7 

 

For PCS and Zp techniques, we started from already optimized methods, in which their suitability in 

discriminating from a high and a low molecular weight heparin was assessed156; it is in fact known 

that a less molar quantity of heparin is needed to reach the maximum complex with PF4 in a in-

versely proportional manner to the molecular weight. By the way, Mw is not the only parameter 
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that play a role in the PF4/heparin interaction, also the polydispersion index and the sulfation de-

gree have significant part. On the contrary, ITC method was set up in the present work, with the 

goals of assessing its ability in discriminate between a low and a high molecular weight heparin and 

between different sources samples. 

G9850, the highest Mw heparin analysed, reached the maximum of aggregation at the bigger PHR 

with each technique used, so requiring the smaller concentration, but it did not show, in e.g., the 

highest heat released or the highest complex size; moreover, it’s Zp=0 is obtained at a PHR not so 

different from the other two UFHs, although their Mw is at least the 11 % less, a value that as re-

ported in chapter 3.2.4 means a significant variance. In fact, both G11388 and G12301 has a higher 

DS, so it is reasonable to say that this parameter can increase the electrostatic interaction with the 

protein, leading to a less heparin quantity needed for PF4 charges saturation; moreover, G11388 

showed the highest heat released, and it’s not a case that it also has the biggest DS value. 

Similarly, the three LMWHs showed the same PCS calculated maximum of aggregation, also with 

very similar complexes size, and quite the same null Zp PHR and these results are in accordance with 

the molecular weight distribution and DS profiles of the samples, but going more deeply in the in-

teraction evaluation, ITC technique revealed a slight difference in the thermodynamics of G12292 

compared to the other two samples, in particular in the entropy parameter, but anyway, the vari-

ances found for the LMWHs can be considered not significant. 

Relating PCS and Zeta Potential evaluation, the largest complexes should occur at the molar ratios 

that lead to charge neutralization, but discrepancies are observed as the result of the different man-

ner from which the PHR of maximum aggregation is calculated, respectively experimentally and by 

a mathematical extrapolation, and the PHR obtained from Zp is always higher than the PCS one. PHR 

at null Zeta potential is the most quantitative parameter, whilst PHR for maximum size is a robust, 

but semi-quantitative parameter due to the low resolution of the concentration range of the test 

solutions and the maximum complex size is more qualitative. Nevertheless, all the three parameters 

are suggested to be necessary to understand the complexation profile of a heparin material with 

PF4. 

ITC measurement has revealed to be suitable in discriminate between high and low molecular 

weight heparin, in particular by the strong difference of heat released during the process and also 

by the great gap of number of interaction sites per samples, that is more evident when it is 
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converted in PHR value; furthermore, there is a good accordance between the PHR obtained by ITC 

and PCS/Zp techniques. In addition, the samples resulted with different dissociation constants that 

are lower, as expected, for UFHs than LMWHs. Although these outcomes, considering the Gibbs’ 

free energies released, that is the parameter that mostly determine the affinity of the interaction 

(the more is negative, the more is affine), at least the six samples interact spontaneously with PF4, 

but also similarly each other. This final assumption seems to be against all the other results ob-

tained, but taking into account that all the samples are heparins and that the Gibbs’ free energy 

only shows that all sample can bind the same to PF4 without considering all the other parameters 

(Mw, concentrations and so on), it makes sense, since we always demonstrated an interaction be-

tween samples and the protein.  

To conclude, it is clear that only one technique is not sufficient for a complete description of the 

PF4/sample interaction, on the contrary it is more useful to obtain a broader picture by taking into 

account all the three methods together. In this sense, PCS, Zp evaluation and ITC can be reasonably 

considered orthogonal methods for PF4/heparin interaction study, in particular for the discrimina-

tion between a high and a low molecular weight heparin. Regarding the different sources, only the 

porcine samples seem to differentiate from the bovine and the ovine, in terms of less concentrations 

needed to obtain the maximum of aggregation, and this result is supported by all the techniques 

under consideration. Unfortunately, there are no certain proofs in literature that different sources 

heparins could bind differently with PF4, on the contrary the panorama is highly confused162,163; 

nevertheless, the outcomes of the present work, could be interesting in understanding such differ-

ences. 
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  Characterization of Sulodexide/PF4 interaction by PCS and Zp techniques 

 Introduction 

At the beginning of chapter 4 was mentioned that after heparin therapy cessation, clinical manage-

ment of patients with HIT is with non–heparin anticoagulants. The direct thrombin inhibitors (DTIs) 

are potent anticoagulants that inhibit the high level of thrombin generation in patients with HIT; 

this drug family success in HIT management is due to the difference in chemical structure from hep-

arin such that these drugs do not generate HIT antibodies, nor do they interact with preformed HIT 

antibodies147. Examples of DTIs are argatroban, approved by the FDA for anticoagulation of HIT pa-

tients during percutaneous coronary interventions164, bivalirudin, successfully used in HIT manage-

ment and approved for patients undergoing percutaneous coronary interventions, including those 

with HIT165, lepirudin, that has been approved for the treatment of HIT thrombosis by the health 

authorities of the United States, Canada, and Europe, and danaparoid, that has been used to suc-

cessfully treat HIT patients over the past 15 years166. 

The antithrombotic drug field is growing with new agents at various stages of approval. As these 

drugs enter the clinical trial phase, questions often are asked if the new agent can be used as an 

alternative anticoagulant for the management of HIT thrombosis.  

As mentioned before (see chapter 3.3.1) Sulodexide (SLDX) is a well-defined mammalian glycosa-

minoglycan (GAG) that is composed of 2 distinct fractions, 80% fast moving heparin (Fm-Hep) and 

20% dermatan sulfate (DeS)100–102. The pharmacological effects of SLDX differ substantially from 

other GAGs and are mainly characterized by a prolonged half-life (18.7 + 4.1 hour after 50 mg per 

os and 11.7 + 2.0 h after intravenous injection, clearly very different from the 60 to 90 minutes half-

life of UFH167) and reduced effect on global coagulation and bleeding parameters104. 

Clinically, SLDX is used for the prophylaxis and treatment of thromboembolic diseases; however, 

recent research has also demonstrated the beneficial effects of SLDX in animal models of reperfu-

sion injury and the treatment of diabetic nephropathy168–170. More recently, SLDX is also used in the 

anticoagulant management of patients with HIT; its activity is also compared to that of an enoxap-

arin171,172. 

As reported in the previous chapter (4.3), Photo Correlation Spectroscopy (PCS) and Zeta Potential 

evaluation (Zp), are techniques that give feedbacks on physical-chemical properties of particles in 

solution, and that are used with great success in heparin/PF4 complex characterization. 
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 Aim of the work 

In the context of evaluating new antithrombotic drugs for HIT management, aim of the present 

study is to assess the ability of an API SLDX sample in interact with PF4, using PCS and Zp techniques. 

Besides, the interaction between the isolated Fm-Hep and DeS fractions and PF4 will be investi-

gated, as well as three mixtures of a Hep fraction and of a DeS fraction in different proportions, with 

the intention of studying deeper how the two SLDX components interact with the protein. 

We decided not to use the ITC technique in the present study, due to the probable uncertainty in 

understanding the contribution of the two SLDX components in PF4 interaction thermodynamics. 

 

 Materials and methods 

4.4.3.1. Samples in analysis 

For the experimentation, some of the samples already used in chapter 3.3 were used, and the re-

lated codes, with sample type and Mw (kDa) are reported in Table 4.4.1; for the exact composition 

of the three DeS/Hep mixtures, see Table 3.3.7. 

 

Table 4.4.1 Samples in analysis 

Ronzoni code Sample type Mw (kDa) 

G12512* SLDX 13.5 

G12824_A Fm-Hep 10.9 

G12909_Fr1 DeS 21.5 

G14202** DeS/Hep mix 1  17.5 

G14203** DeS/Hep mix 2 15.7 

G14204** DeS/Hep mix 3 13.7 
*From this sample, the single Fm-Hep and DeS components were obtained by enzymatic digestion. 

**The Mw reported was calculated by HP-SEC-TDA technique, using the chapter 3.3 polymeric conditions, on the whole peak. 

 

4.4.3.2. PCS and Zp analysis 

Analysis were conducted following the same preparation and instrument set up already showed in 

chapter 4.3.3, below reported. 

  

Protein dissolution 

PF4 was purchased from ChromaTec GmbH as 1 mg vials freeze-dried in Hanks’ Balanced Salt Solu-

tion (HBSS, Sigma Aldrich), and each vial was reconstituted in 1 ml of deionized and filtered H2O, 
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reaching a final 1 mg/ml concentration, that corresponds to 32 M concentration. Once solubilized, 

the protein was left about 2 h under stirring to enhance complete dissolution. 

Titration solutions preparation 

In order to prepare the different sample solutions, the following scheme was followed: 

o 0.2mM each sample (solution 1; considering the molecular weight of sample reported in 

Table 4.3.1) 

o 31.6l solution 1+68.4l H2O = 0.0632mM (solution 2); 

o 31.6l solution 2+68.4l H2O = 0.0200mM (solution 3); 

o 31.6l solution 3+68.4l H2O = 0.00632mM (solution 4); 

o 31.6l solution 4+68.4l H2O = 0.00200mM (solution 5); 

To perform the evaluation of PF4/GAG interaction, titration of protein by the samples was per-

formed at different Protein/GAG Ratio (PGR), calculated as: 

 

PGR= 
hPF4 molar concentration

GAG molar concentration
 

 

At least, five were selected for each titration curve, taking into account samples’ molecular weight 

distribution and each PGR solution was prepare starting with the addition of the proper sample 

amount to the related H2O/HBSS volumes; then, 4 or 40 l of PF4 was added and analysis was per-

formed 60 minutes after mixing for PCS analysis, or 10 minutes after mixing for Zeta Potential anal-

ysis. PGR solutions preparations for respectively PCS and Zp experiments are reported in the follow-

ing tables. 

 

Table 4.4.2 G12512 and G12824_A PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PGR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 5.0l solution 5 0.125M 71l 12.8 

4l 1.6M 7.1l solution 5 0.178M 69l 9.0 

4l 1.6M 10l solution 5 0.250M 66l 6.4 

4l 1.6M 6.3l solution 4 0.500M 70l 3.2 

4l 1.6M 10.1l solution 4 0.800M 66l 2.0 
 



~ 118 ~ 

 
 

 

Table 4.4.3 DeS/Hep mixtures and G12909_Fr1 PCS preparation (final reached volume: 80 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PGR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

4l 1.6M 4.0l solution 5 0.100M 72l 16.0 

4l 1.6M 5.0l solution 5 0.125M 71l 12.8 

4l 1.6M 7.1l solution 5 0.178M 69l 9.0 

4l 1.6M 10l solution 5 0.250M 66l 6.4 

4l 1.6M 6.3l solution 4 0.500M 70l 3.2 

 

Table 4.4.4 G12512 and G12824_A Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PGR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 5.0l solution 3 0.125M 755l 12.8 

40l 1.6M 7.1l solution 3 0.178M 753l 9.0 

40l 1.6M 10l solution 3 0.250M 750l 6.4 

40l 1.6M 6.3l solution 2 0.500M 754l 3.2 

40l 1.6M 10.1l solution 2 0.800M 750l 2.0 

 

Table 4.4.5 DeS/Hep mixtures and G12909_Fr1 Zeta Potential preparation (final reached volume: 800 l) 

hPF4 mother solution 

(32 M) 
Sample 

HBSS 

added 
PGR 

Added 

volume 
Final PF4 

concentration 
Added volume 

Final sample 

concentration 

40l 1.6M 4.0l solution 3 0.100M 756l 16.0 

40l 1.6M 5.0l solution 3 0.125M 755l 12.8 

40l 1.6M 7.1l solution 3 0.178M 753l 9.0 

40l 1.6M 10l solution 3 0.250M 750l 6.4 

40l 1.6M 6.3l solution 2 0.500M 754l 3.2 

 

Data elaboration 

Analysis were acquired using a Zetasizer Nano ZS instrument (Malvern Panalytical, UK) with the re-

lated dedicated software Zetasizer version 7.12. Data where then exported in Excel for the Z-Aver-

age vs PHR plot creation (PCS titration) or further copied in GraphPad software to fit the PHR vs the 

Zeta Potential and obtaining the Zp=0 PHR, which represents the maximum of aggregation (Zeta 

Potential titrations). 



~ 119 ~ 

 
 

 

Instrument set up 

o Size acquisition parameters 

Material: Protein 

Dispersant: deionized water 

General options: Use dispersant viscosity as sample viscosity 

Temperature: 25°C 

Equilibration time: 30 secs 

Cell: Disposable micro cuvette, for size measurement, minimum volume 40µL (ZEN0040, Malvern 

Panalytical Instruments Ltd) 

Measurement: Angle: 173° Backscatter 

Number of runs: 10 runs 

Run duration: 10 secs 

Number of measurements: 3 

Delay between measurements: 5 secs 

Position method: Seek for optimum position 

Automatic attenuation selection: Yes 

Data processing: General purpose (normal resolution) 

 

To obtain the size of complexes in solution, single exponential fitting of correlation function was 

applied and mean size in terms of z-average radius was obtained. 

 

o Zeta Potential acquisition parameter 

Material: Protein 

Dispersant: deionized water 

Sample viscosity: Use dispersant viscosity as sample viscosity 

Model for F(Ka): Smoluchowsky F(Ka) = 1.50 

Temperature: 25°C 

Equilibration time: 30 secs 

Cell: Disposable folded cuvettes for the measurement of Zeta Potential, minimum volume 800 l 

(DTS1070, Malvern Panalytical Instruments Ltd) 
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Measurement: manual (alternately automatic. with number run between 10 to 100) 

Number of runs: 10 for every measurement  

Number of measurements: 6 

Delay between measurement: 5 secs 

Automatic attenuation selection: Yes 

Automatic voltage selection: Yes 

Data processing: Monomodal 

 

 Results 

The present study was at least divided in two different parts: the first one, the assessing of the 

reproducibility of the methods already optimized for heparin/PF4 for the analysis of SLDX by ana-

lyzing 10 different solutions of the same sample; the second one, to compare all the samples. 

 

4.3.4.1. SLDX/PF4 interaction characterization reproducibility 

To assess the reproducibility of the SLDX/PF4 complex formation, at least 10 different solutions of 

G12512 were prepared and analyzed. Results, respectively of PCS and Zp titrations, are reported in 

Table 4.4.6 and in Table 4.4.7, while the related titrations curves are showed in Figure 4.4.1 and in 

Figure 4.4.2. 

 

Table 4.4.6 PCS G2512 reproducibility results 

PGR 
Z-average (nm) 

Solution A 

Z-average (nm) 

Solution B 

Z-average (nm) 

Solution C 

Z-average (nm) 

Solution D 

Z-average (nm) 

Solution E 

12.8 450 450 470 520 530 
9.0 700 580 540 620 550 
6.4 730 610 570 700 600 

3.2 190 210 240 390 270 
2.0 120 190 270 270 200 

PGR 
Z-average (nm) 

Solution F 

Z-average (nm) 

Solution G 

Z-average (nm) 

Solution H 

Z-average (nm) 

Solution I 

Z-average (nm) 

Solution J 

12.8 460 444 430 460 440 
9.0 530 510 530 570 530 
6.4 620 580 550 580 590 

3.2 180 60 60 130 70 
2.0 180 80 60 70 60 
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Table 4.4.7 Zp G12512 reproducibility results 

PGR 
Zp (mV) 

Solution A 

Zp (mV) 

Solution B 

Zp (mV) 

Solution C 

Zp (mV) 

Solution D 

Zp (mV) 

Solution E 

12.8 12.0 14.4 14.6 14.2 15.1 
9.0 1.9 4.0 7.4 6.6 7.0 
6.4 -20.8 -19.7 -11.7 -11.1 -6.6 
3.2 -34.0 -34.3 -36.5 -34.8 -34.8 
2.0 -34.6 -35.0 -35.8 -36.0 -37.2 

PGR 
Zp (mV) 

Solution F 

Zp (mV) 

Solution G 

Zp (mV) 

Solution H 

Zp (mV) 

Solution I 

Zp (mV) 

Solution J 

12.8 12.4 12.1 12.5 11.9 11.8 
9.0 0.7 3.4 3.7 1.7 4.7 
6.4 -19.2 -18.0 -19.4 -18.7 -14.3 
3.2 -28.8 -31.3 -32.4 -29.8 -31.3 

2.0 -30.6 -31.8 -32.7 -31.4 -31.7 

 

 

Figure 4.4.1 SLDX PCS Reproducibility results 
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Figure 4.4.2 SLDX Zp Reproducibility results 

 

In Table 4.4.8, the resume of the PGR of maximum aggregation and the related Z-average, with the 

addition of the calculated PGR for null Zp is reported; moreover, the mean and the standard devia-

tion (Std. Dev.) of the ten titrations, with the related coefficient of variation (CV %), are reported. 
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Table 4.4.8 Summary of SLDX reproducibility results. 

 
PGR 

maximum aggregation 

Z-Average maximum 

aggregation (nm) 
Zeta Potential = 0 

Solution A 6.4 730 8.7 

Solution B 6.4 610 8.5 

Solution C 6.4 570 7.6 

Solution D 6.4 700 7.6 

Solution E 6.4 600 7.8 

Solution F 6.4 620 8.9 

Solution G 6.4 580 8.5 

Solution H 6.4 550 8.5 

Solution I 6.4 580 8.7 

Solution J 6.4 590 8.1 

mean 6.4 610 8.3 

Std. Dev. - 59 0.5 

CV % - 10 5.8 

 

As Table 4.4.8 shows, G12512 always reached is maximum of aggregation for a PGR of 6.4 by PCS 

results, and the size of the complex formed (610 nm, mean value) is more similar to a LMWH than 

a UFH one, as showed in the previous paragraph for sample G12292 (560 nm); this means that no 

ultra-large complexes are formed, so although its higher Mw, SLDX would be predicted to be less 

likely to provoke antibody formation134. Nevertheless, the PGR of 6.4 is higher than the porcine 

LMWH 2.0 one, but of course G12512 also has a longer chain length, and in fact this value is more 

likely to a heparin fraction with a Mw of approximately 10 kDa158; it is not a case that this Mw is 

highly similar to the Fm-Hep component of G12512 (G12824_A, 10.9 kDa), and this could confirm 

that is the heparin species that predominantly interact with PF4. The calculated CV % on the size of 

the maximum complex (expressed as Z-Average, nm) is 10 %, with a gap of approximately 190 nm 

between the highest and the lowest values. Considering the high instability of the measures due to 

the several equilibria that are present among the different structures in solution, we can conclude 

that the PCS method applied on a SLDX sample is reasonably reproducible; such reproducibility is 
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also appreciable by Figure 4.4.1 in which titration curves are quite well overlaid, with the only ex-

ception of solutions A and D ones (only the 20 %). 

Zeta Potential reproducibility test on SLDX showed the same high measures instability already ob-

served for PCS analysis, although in this case a less CV % (5.8 %) is reported. The average value at 

which the Zp is 0 resulted 8.3, much higher than the maximum aggregation PGR obtained by PCS, 

and if we consider the results for the sample analysed in the previous chapter, this observation was 

already showed by the UFHs, so in this sense SLDX interacts with PF4 more likely to a UFH than a 

LMWH; besides, the observed Zp=0 PGR corresponds to a heparin fraction with a molecular weight 

of approximately 14.7 kDa156, a Mw value that is similar to the G12512 one. Even if this consideration 

seems to be in contrast with the PCS one, it has to be considered that Zp evaluation takes into 

account the charges neutralization, so it is probable that in this case the DeS component plays a role 

in the interaction. It is in fact known that PF4 can bind with the other GAGs, though with a less 

affinity (heparin > heparan sulfate > dermatan sulfate > chondroitin 6-sulfate > chondroitin 4-sul-

fate)173, so it is reasonable to think that the presence of another sulphated species can increase the 

heparin interaction with the protein. Nevertheless, the similarity is with a higher Mw heparin frac-

tion, so we can conclude that SLDX interacts less than heparin with PF4. 

 

4.3.4.2. Samples comparison 

After the assessment of the method suitability for a GAG mixture, the isolated components were 

analysed and compared to G12512, from which they were obtained (see chapter 3.3), in order to 

evaluate their interaction with PF4 when not in mixture; moreover, the three DeS/Hep mixtures 

analysed for the different chromatographic conditions used for the Mw distribution evaluation were 

also investigated, this time for trying to better understand of diverse weight quantities of DeS and 

Hep can influence the PF4/SLDX interaction. 

In Table 4.4.9, the PCS and Zeta Potential results, as PGR of maximum aggregation obtained with 

the related Z-Average value, and PGR for which Zp=0, are reported; in Figure 4.4.3 and in Figure 

4.4.4, the titrations curves are showed, respectively PCS and Zeta Potential. 
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Table 4.4.9 Samples comparison results. 

Sample Type Mw (kDa) 
PGR 

Max aggregation 

Z-Average max 

aggregation (nm) 
Zp = 0 

G12512 SLDX 13.5 6.4 620 8.1 

G12824_A Fm-Hep 10.9 6.4 510 6.0 

G12909_Fr1 DeS 21.5 9.0 610 10.6 

G14202 MIX 1 17.5 6.4 560 11.5 

G14203 MIX 2 15.7 6.4 630 9.8 

G14204 MIX3 13.7 6.4 550 8.5 

 

 

Figure 4.4.3 PCS samples titrations curves 
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Figure 4.4.4 Zeta Potential titrations results 

 

Starting from PCS, the first result that appear from Figure 4.4.3 is that all the curves are very similar 

each other, no matter what the Mw is; moreover, all the samples maximum PGR is 6.4 with an av-

erage size of 600 nm. The only exception is represented from the DeS species (G12909_Fr1), which 

reaches the maximum aggregation at PGR=9.0; to note, also, is that its titration curve is quite flat 

and, it does not form the already mentioned ultralarge complexes, as expected from its high Mw 

(consider as a comparison the value obtained for the porcine UFH G9850 sample analysed in the 

previous section, for which the maximum of aggregation reached at a PHR of 9.0 is related to a 

complex size higher than 1000 nm), and this can be considered a confirm of the less interaction of 

DeS with PF4 as reported in literature173. Going back to SLDX sample (G12512) and the three 

DeS/Hep mixtures, as said before, their titration curves are very similar, but most of all they main-

tain the same trend of G12824_A, the Fm-Hep species, that is the lowest Mw sample analysed in 

this section and it is the component with the major interaction for PF4. The only difference is that it 

reaches in each point lower sizes than the other samples, in particular the complex at the maximum 

of aggregation is approximately 100 nm lower than G12512 and only 40 nm respect to G14204, 

which is the mixture with the highest heparin content and the lowest Mw. Comparing the three 

mixtures, by the significant difference in the Mw and in the components weight percentages, we 

expected some differences, in particular in the PGR of the maximum aggregation, but, the fact that 
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all samples interact quite in the same way with PF4 could be explained as the confirm that effectively 

the heparin component is the one that prevalently interact with the protein. 

Different results were achieved from the Zeta Potential evaluation, as appear from Figure 4.4.4, in 

which a sort of more dispersity in the titration curves is shown. More in detail, the PGR of maximum 

aggregation tend to increase as the Mw increase, so the sample concentration needed to obtain it 

decrease, and this behaviour is more “likely” to the typical trend already observed for heparin/PF4 

interaction study done in the previous section. More in detail, the PGR for which the Zeta Potential 

is null starts with the 6.0 of the Fm-Hep sample (G12824_A, 10.9 kDa) and reach about 11.5 for the 

DeS/Hep mixture sample 1 (G14202, 17.5 kDa). The only exception is G12909_Fr1 (DeS, 21.5 kDa), 

for which the Zp=0 PGR is 10.6, so slightly lower than G14202, but taking into account the gap be-

tween the higher (8.9) and the lower (7.6) PGR values that were obtained for the SLDX repeatability 

test, we can consider this difference not significant. Moreover, again if compared to the porcine 

UFH analysed previously (G9850) PHR for which Zp is null (12.9), a major amount of DeS is needed 

to reach the maximum of aggregation, a further confirm of its less interaction with PF4; it can be 

also taken into account that probably the presence of the heparin species, which as a greater affinity 

to the protein, as reported in the Introduction section, can influence the interaction, shifting the 

achievement of the maximum aggregation to higher amount of sample. The main comment that can 

be made on Zeta Potential evaluation results is that, if we consider that this titration is based on the 

positive charge of the protein’s saturation, of course the larger is the polysaccharide chain, the 

higher is the number of charges and so the lower is the amount of sample required for nullify the 

PF4 charge, and this observation can explain why, for example, the G12512 (13.5 kDa) and G14204 

(13.7 kDa) curves are quite the same; nevertheless, the presence of the heparin species has a great 

influence in the interaction process, as discussed for the comparison between G12909_Fr1 and 

G14202. 

 

 Conclusions 

The present study has the general aim of assessing the interaction of PF4 with GAGs mixtures, in 

particular an API SLDX sample, by the already optimized PCS and Zp techniques. Besides, the inter-

action between the isolated Fm-Hep and DeS fractions and PF4 were investigated, as well as three 
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mixture of a Hep fraction and of a DeS fraction in different proportions, with the intention of stud-

ying deeper how the two SLDX components interacts with the protein. 

Firstly, we assessed the suitability of the PCS and Zp methods in analysing polysaccharides’ mixtures 

like the SLDX by repeating ten times the PF4 titration preparing ten different starting 0.2 mM solu-

tions of G12512, and results showed that both techniques are quite reasonably reproducible, ob-

taining CV % of 10 and 5.8 % for respectively PCS and Zeta Potential methods, values that, consid-

ering the high instability of the measures due to the several equilibria that are present among the 

different structures in solution, are acceptable. As already observed in the previous section, the 

PGRs for which the maximum of aggregation is reached achieved by the two techniques are quite 

different, revealing that by PCS G12512 seems to act more likely to a heparin sample with a Mw of 

approximately 14 kDa156, whereas by Zeta Potential tends more to a higher Mw heparin sample 

behaviour. Anyway, discrepancies between the results obtained by the two methods were already 

observed and commented as the result of a different maximum of aggregation calculation modality, 

precisely experimental for PCS and extracted from a fitting of the titration curve for Zp.  

Going on with the results gained on the isolated DeS and Fm-Hep species (G12909_Fr1 and 

G12824_A) and on the three different GAGs mixtures, they showed a sort of specificity of interaction 

for different molecular weights and for different GAG type, as already demonstrated previously by 

Bertini et al156, but also show that a description of the interaction requires all the three measured 

results, maximum size and PHR value at maximum size obtained by PCS and PHR value of null Z-

potential from Z-potential measurements. In fact, if by Zeta Potential technique a sort of trend is 

revealed, for which increasing the Mw means an increasing in the PGR value of PF4 charge neutral-

ization (from 6.0 of the Fm-Hep sample G12824_A to the 11.5 of the mixture sample G14202, re-

spectively of 10.9 and 17.5 kDa), and so a less amount of sample needed, by PCS a different outcome 

appeared, and in fact all samples reached the maximum aggregation at the same PGR value (6.4) 

and resulted with quite the same maximum complex size (approximately 600 nm). 

Actually, the indeed less interaction of the isolated DeS component, G12909_Fr1, was assessed by 

both the techniques, for which the flat PCS curve and the not formation of ULC is accomplished with 

a lower Zp=0 PGR than G14202 sample, the mixture composed of 70 % DeS and 30 % Hep, and in 

this terms also a role of influence of the heparin species in the mixture is recognized. 
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5. Physical-chemical characterization of Defibrotide 

and its interaction with PF4 

  Introduction 

Defibrotide (DFT) is a mixture of single and double stranded phosphodiester oligonucleotides de-

rived from the controlled depolymerization of porcine intestinal mucosal DNA174; it is approved for 

the treatment of Veno-Occlusive Disease (VOD), a potentially fatal complication that occurs in ~14 

% of haematopoietic stem cell transplantation (HSCT) patients175–177. DFT has multiple mechanisms 

of action, including anti-inflammatory, anti-atherosclerotic, anti-ischemic, and antithrombotic prop-

erties178,179; in particular, the antithrombotic activity of DFT has been ascribed to the inhibition of 

cathepsin G serine protease, an enzyme responsible for the cleavage of important extracellular ma-

trix proteins such as elastin, collagen, fibronectin or laminin, causing extensive lung tissue dam-

age180,181. Furthermore, the antithrombotic activity of DFT compares favorably to that of heparin, a 

sulphated polysaccharide belonging to the glycosaminoglycan family and today's most widely used 

anticoagulant drug182–185. Despite widespread use, heparin therapy exhibits several adverse effects 

mostly related to its potency as an anticoagulant. Additionally, heparin use can lead to Heparin-

Induced Thrombocytopenia (HIT), a dangerous drug reaction to UFH or, less commonly, to LMWH 

that exists in two types. Type-1 HIT is a non-immune disorder that results from the direct effect of 

heparin on platelet activation and that starts within the first 2 days after exposure to heparin. Type-

2 HIT is a drug-induced, immune-mediated thrombocytopenia that typically occurs 4–10 days after 

exposure to heparin with the development of HIT II antibodies (IgG) that can recognize the complex 

formed by heparin and Platelet Factor 4 (PF4), a chemokine released by activated platelets. Patients 

with HIT type 2 are at a considerably increased thrombosis risk186,187. Such antibodies can have dev-

astating clinical effects, potentially leading to stroke, cardiac arrest, amputation or even death; con-

sequently, a prompt diagnosis, heparin cessation and the initiation of a non-heparin therapy are 

important to prevent further complications in HIT. Glycosaminoglycan mixtures (like danaparoid), 

or synthetic molecules (like fondaparinux) are alternative therapies for HIT management and other 

types of antithrombotic drugs are under consideration147,188,189. In this field, DFT is a valid option, as 

it was demonstrated that HIT antibodies are not generated after DFT treatment190; furthermore, a 
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clinical case study of HIT management demonstrated DFT effectiveness as an antithrombotic 

drug191. 

 

  Aim of the work 

In the present work, we provide a fine physical-chemical characterization of defibrotide structure 

and molecular weight distribution, by nuclear magnetic resonance (NMR) and high-performance 

size exclusion chromatography (HP-SEC)192. An in-depth evaluation of the complex formation be-

tween DFT and PF4 was investigated using PCS and Zp measurements to monitor the changes in size 

and surface charge of the DFT-PF4 complexes formed upon titration of the protein with the drug, as 

already been used to evaluate the heparin-PF4 interaction156 (see Chapter 4.3). Thermodynamic 

parameters were investigated using isothermal titration calorimetry, a technique that is widely used 

for protein-ligand interaction studies. DFT results were compared to a porcine UFH, as previously 

shown in literature193,194. 

 

  Materials and methods 

 Materials 

Three defibrotide API samples manufactured at former Gentium Pharmaceuticals, (P6231, P6232 

and P6233), were kindly provided by the Loyola University of Chicago, from prof. Fareed’s group. 

Unfractionated porcine intestinal mucosal heparin was obtained from Techdow Pharmaceuticals 

(Shenzen, China). Human PF4 (hPF4) was purchased from CromaTec GmbH (Greifswald, Germany), 

as freeze-dried powder in HBSS, 1 mg per vial. Hank's Balanced Salt Solution (HBSS), sodium nitrate 

and sodium azide were obtained from Sigma Aldrich. Deioniezd water was obtained using a Culligan 

water system. 

 

 Methods 

5.3.2.1. NMR characterization 

For recording 1H NMR spectra, approximately 5 mg of each DFT samples were dissolved in 0.6 ml of 

D2O and analyzed by using a Bruker NEO 500 MHz NMR spectrometer (Karlsruhe, Germany), 
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equipped with 5-mm TCI cryoprobe. The proton spectra were recorded at 323 K, with a pulse delay 

of 4 s and 128 scans. 

An in-depth study of P6231 was performed, and Heteronuclear Correlation NMR spectroscopy 

(HSQC) spectrum, 13C NMR spectrum and 31P NMR spectrum of P6231 (20 mg in 0.6 ml deuterated 

water) were recorded at 323 K on a Bruker HD 500 MHz (Karlsruhe, Germany). For HSQC experi-

ments, water presaturation was applied during each 16 s of relaxation delay and spectra were ob-

tained in phase-sensitive, sensitivity pure-absorption mode with decoupling in the acquisition pe-

riod (Bruker pulse program hsqcetgpsisp2.2). For recording 13C NMR spectrum, a pulse delay of 4 s 

and 20 K scans were used, while for 31P NMR a pulse delay of 4 s and 128 scans were used. Spectra 

were acquired using TOPSPIN version 3.5 and elaborated using Bruker TOPSPIN 4.0.3 version. 

 

5.3.2.2. Molecular weight distribution evaluation 

The evaluation of the molecular weight distribution was performed using High Performance Size 

Exclusion Chromatography coupled with a multi-detector system (Refractive Index, Light Scattering 

and Viscometer, HP-SEC-TDA)78. The analyses were performed at 40 °C on a Malvern Panalytical 

system (OmniSEC GPC/SEC System) using TSKG2500PWXL + TSKG3000PWXL columns linked in series 

(Tosoh Bioscience, 7 m 7.8x30 cm). The isocratic mobile phase (0.1 M NaNO3 in water containing 

0.05 % NaN3 prefiltered using 0.22 m filter) was used at a flow rate of 0.6 ml/min. DFT samples 

were injected at concentrations of approximately 2 mg/ml (100 l volume injection). 

DFT dn/dc parameter was experimentally evaluated analyzing different concentrations of P6231, 

starting from a mother solution of 6.2 mg/ml obtained weighting 31 mg of sample and diluting in 5 

ml of mobile phase, using a graduated flask; then the following dilutions were obtained (Table 5.3.1): 
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Table 5.3.1 dn/dc calculation solutions 

Sample solution Dilution Concentration (mg/ml) 

P6231_A (mother solution) - 6.200000 

P6231_B 1:2 3.100000 

P6231_C 1:2 1.550000 

P6231_D 1:2 0.775000 

P6231_E 1:2 0.387500 

P6231_F 1:2 0.193750 

P6231_G 1:2 0.096875 

 

Chromatographic profiles were elaborated using OmniSEC software version 4.6.2. 

 

5.3.2.3. PF4-Defibrotide Complex Size and Zeta Potential evaluation 

Photon Correlation Spectroscopy (PCS) and Zeta Potential (Zp) measurements were carried out with 

a Zetasizer Nano ZS instrument (Malvern Panalytical, Worcestershire, United Kingdom) using the 

same conditions reported in Chapter 4. Data were analyzed using Zetasizer software version 7.11. 

For Zp experiments, Zp values were plotted against the logarithm of PF4/DFT Ratio (PDR), which is 

calculated as PF4 molar concentration/DFT molar concentration ratio.  A sigmoidal equation was fit 

to the data using GraphPad Prism software version 6.0 and used to determine the PDR at which Zp= 

0 mV, the neutral state of the complex. 

 

5.3.2.4. Isothermal Titration Calorimetry (ITC) 

ITC measurement was performed using a MicroCal ITC system (Malvern Panalytical, Worcestershire, 

United Kingdom). Data were acquired and elaborated using MicroCAL PEAQ-ITC Analysis software 

version 1.0.0.1259. 280 l of a 3.0 M PF4 solution in HBSS buffer was added to the sample cell and 

a 30.0 M solution of P6231 sample was loaded into the injection syringe. After 60-second delay, 

titration was performed by injecting 3 l of the DFT solution. Fourteen DFT injections were made, 

spaced 240 seconds apart. The sample cell was maintained at 25°C and the contents were stirred at 

1000 rpm during the injections. 
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5.3.2.5. Anticoagulant activity profile 

The anticoagulant activities of the three DFT samples were measured in normal human pool plasma. 

Each of the individual sample batches was dissolved in normal saline at a concentration of 1.0 

mg/ml. Serial dilutions of DFT were made in plasma to obtain concentrations in the range of 0-100 

ug/ml. Prothrombin time (PT), partial thromboplastin time (aPTT) and thrombin time (TT) measure-

ments were made on ACL elite using standard reagents. Working heparin solution was prepared at 

100 ug/ml. Plasma was supplemented with heparin to obtain 0-10 ug/ml levels. PT, aPTT and TT 

measurements were performed. 

 

5.3.2.6. HIT antibody screening 

HIT mediated platelet aggregation in the presence of DFT and heparins at various concentrations 

was investigated using a HIT positive serum pool. Platelet rich plasma was prepared from citrated 

whole blood collected from normal human volunteers by centrifugation at 800 g for 20 mins. Plate-

let aggregation studies were carried out using a PAP-8 aggregometer (Biodata, Horsham, PA). To 

investigate the effect of DFT batches, PRP was supplemented at 10, 1.0 and 0.1 ug/ml and mixed 

well. Following addition of 50 ul of HIT positive serum, platelet aggregation was recorded over a 

period of 30 minutes. Similar studies were carried out with heparin over the same concentration 

range. 

 

 Results 

5.3.3.1. DFT NMR spectroscopy analysis 

As a derivative of DNA porcine intestinal mucosa depolymerization, DFT consists of repetitive se-

quences of adenine (A), guanine (G), cytosine (C) and thymine (T) substituted 2’’-Deoxy--D-Ribose. 

NMR spectroscopy is a powerful tool for determining the chemical structure, function and dynamics 

of oligonucleotides in solution. In the present work, 1H and 13C NMR spectroscopy experiments were 

performed to confirm the presence of the expected DFT nucleotides; the related spectra of P6231 

are reported, in Figure 5.3.1 and Figure 5.3.2, proton and carbon respectively. 
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Figure 5.3.1 1H-NMR of P6231 (A=adenine, G=guanidine, T=thymine, C=cytosine) 

 

 
Figure 5.3.2 13C-NMR of P6231 (A=adenine, G=guanidine, T=thymine, C=cytosine) 

 



~ 135 ~ 

 
 

 

 

Figure 5.3.3 HSQC spectrum of P6231 (A=adenine, G=guanidine, T=thymine, C=cytosine) 

 

Peak assignments were determined based on HSQC study (Figure 5.3.3) and according to litera-

ture195. From the proton spectrum, it is possible to see that TCH3 protons resonate at ~1.9 ppm. A 

broad peak is found at ~6.2 ppm, relative to CH5, whereas aromatic base protons (AH8, AH2, GH8, 

TH6 and CH6) resonate between 8.6 and 7.3 ppm. The H1 ribose signal is shielded to 6.4 ppm, due 

to the presence of the nitrogenous base. Other signals are found at higher fields, in particular H3 at 

~5 ppm, the H4 at ~4.5 ppm followed by the two H5 protons (two broad peaks between 4.4 and 4.0 

ppm). Finally, at least four different signals are obtained for the H2 protons, for which the chemical 

shifts are a function of the base linked to the ribose. 

In the 13C-NMR spectrum the signals for the four bases are clustered in two major groups, the first 

one in the range 162-149 ppm, where the peaks related to all C2, A and G C6 and A and G C4 are 

found, and the second one in the range 145-137 ppm, where the A and G C8 and the T and C C6 are 

found. The T and C C4 resonate at ~168 ppm, while all the C5 signals are at  ̴120 ppm (AC5), 118 ppm 

(GC5), 114 ppm (TC5) and 99 ppm (CC5); TCH3 signal resonates at  ̴15 ppm. Finally, at least four 
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peaks were obtained for the ribose, in particular at ~89 ppm (C1 and C4), 79 ppm (C3), 68 ppm (C5) 

and 40 ppm (C2). 

Finally, the 31P spectrum (Figure 5.3.4) is compatible with low molecular weight deoxyribonucleic 

sequences. Together with signals due to diester phosphoric group, between -1.6–1 ppm, signals 

attributed to end chain monoester groups (linked to C3 and C5 of deoxyribose ring) are observable 

between 4.1-3 ppm. A trace of inorganic phosphorus is also present (signal at 2.9 ppm). 

 

 

Figure 5.3.4 31P-NMR of P6231 

 

Comparing the three DFT samples proton spectra (data not shown), a complete overlay was ob-

tained, indicating that the three samples exhibit the same structure. 

 

5.3.3.2. Molecular weight distribution evaluation 

Analysis of molecular weight distribution was performed using a HP-SEC-TDA technique that does 

not require any chromatographic calibration and considers the secondary structure of a polymer, 

either in terms of chain stiffness or conformation78. To properly evaluate the molecular weight dis-

tribution, the refractive index increment (dn/dc) must be determined. This is an important param-

eter that describes the refractive index changes due to mobile phase and temperature for a sample 
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in solution. One of the most accurate methods to obtain the value for dn/dc is to analyze the sample 

at different concentrations, plot concentration vs RI peak area and extrapolate the value from the 

slope. For P6231, the solution prepared at the concentrations reported in Table 5.3.1 were injected 

in twice, and the resulted graph is reported in Figure 5.3.5. 

 

 

Figure 5.3.5 Determination of DFT dn/dc parameter  

 

The curve obtained by RI vs concentration plot, created by a fitting algorithm of the OmniSEC 4.6.2 

software, pass through the point (0,0), index that the solution prepared were suitable and correct 

for the evaluation; moreover, each point of the curve fit quite well, with the only exception of one 

of the P6231_B injections. The calculated value of dn/dc was 0.147. 

Under the chromatographic conditions used, DFT eluted as a bell-shape peak with a retention vol-

ume of 11 and 15 ml (Figure 6), with a large shoulder on the high molecular weight side and a smaller 

one on the lower molecular weight side. 
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Figure 5.3.6  Chromatographic profile of P6231. Green profile right angle light scattering, red profile refractive index and blue 

profile viscometer 

 

The profile resulted with a very good separation from mobile phase peak (about 19 ml), an index of 

a proper chromatographic conditions. In, the molecular weight distributions of the three DFT sam-

ples, with the addition of G9850 as a comparison sample, are reported, in terms of weight-average 

molecular weight (Mw, Da), number-average molecular weight (Mn, Da), polydispersion index 

(Mw/Mn) and hydrodynamic radius (Rh, nm). 

 

Table 5.3.2 Molecular weight distribution results 

Sample Sample type Mw (Da) Mn (Da) Mw/Mn Rh (nm) 

P6231 DFT 31000 15000 2.07 3.64 

P6232 DFT 27400 14100 1.94 3.48 

P6233 DFT 23400 12800 1.83 3.24 

G9850 UFH 18100 13900 1.30 3.82 

 

The molecular weight distributions of the three DFT samples were similar, with average Mw and Mn 

of 27.4 kDa and 14.0 kDa, respectively; these data are compatible with literature196,197. Regarding 

Mw/Mn, DFT resulted in a quite high average value (~1.9) compared to that of G9850 and is 



~ 139 ~ 

 
 

 

compatible with the polydisperse chemical nature of DFT’s phosphodiester oligonucleotides chains. 

Despite these results, the DFT samples hydrodynamic radii are very similar to that of porcine hepa-

rin. 

 

5.3.3.3. DFT/PF4 complexes size and zeta potential evaluation 

The characterization of DFT/PF4 complex formation study is important to assess the potential of 

using DFT as an alternative therapy for HIT patients. Some good results are already found in litera-

ture190, and in the present work we provide an in depth chemical-physical characterization in terms 

of size distribution and Zeta Potential evaluation of these complexes, using experimental conditions 

already used for the evaluation of the heparin/PF4 interaction156. Experiments were performed as 

titrations of the protein by increasing molar amount of DFT, and results in terms of complex size (as 

hydrodynamic radius, nm) for the PDR at which maximum aggregation occurred, and the PDR for 

which the Zeta Potential is zero, are reported in Table 5.3.3. The G850 PHR of maximum of aggre-

gation evaluated in the Chapter 4.3 are also reported, as a positive control of PF4/heparin complex 

formation. In Figure 5.3.7 and in Figure 5.3.8 the titration curves, PCS and Zeta Potential respec-

tively, are also showed, with again the addition of the G9850 ones. 

 

Table 5.3.3 Characterization of PF4-defibrotide complexes using PCS and Zp. 

Sample Z-Average (nm) PDR max (PCS) PDR=0 (Zp) 

P6231 1070 6.4 10.0 

P6232 1030 6.4 10.7 

P6233 1080 6.4 10.9 

G9850 1030 9.0 12.9 
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Figure 5.3.7 PCS Titration results 

 

 

Figure 5.3.8 Zp measurements Titration results 
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By PCS, the maximal aggregation of PF4 with all three DFT samples analysed was observed at a 

PDR=6.4 with very similar size (about 1000 nm). This repeatability is confirmed by Zp measurements, 

for which the PDR at which the potential is zero is about 11. Compared to porcine UFH (G9850), 

DFT’s PDR maxima are lower both by PCS and Zp titrations. In particular, by PCS technique, the 

maximum UFH aggregation is reached at PHR 9.0, and by Zp technique at 13. It is well known in 

literature that PF4/heparin interaction is not-specific and influenced by the chain length (and so by 

the molecular weight)198–202. Taking into account that DFT needs at least a concentration two times 

higher than heparin to reach the maximum aggregation even though it has the higher Mw, it can be 

concluded that defibrotide has less interaction with PF4 then G9850. 

 

5.3.3.4. DFT/PF4 thermodynamic parameters evaluation 

ITC technique is widely used to investigate biomolecular interactions, measuring characteristics of 

molecular complex formation, i.e. heat uptake or release203. It can directly measures the energetic 

characteristics of such interactions, providing thermodynamic parameters such as enthalpy change 

(H), entropy change (S), Gibbs free energy change (G), reaction stoichiometry (n) and affinity 

constant (KA) in one experiment204,205. The main drawback in ITC use is that a large amount of ma-

terial is required for accurate measurements, making experiments sometimes impractical206. The 

use of a micro-ITC instrument can be a great advantage, thanks to the very small quantity of both 

protein and ligand needed to perform the analysis. 

Heparin interactions with proteins, in particular antithrombin, were largely studied by ITC meth-

ods117 and in recent years this technique was also applied to studying PF4/Heparin complexes in an 

effort to understand the causes of HIT157. In the present study we evaluated the DFT/PF4 interaction 

performing a micro-ITC titration of the protein by the DFT-1 sample (P6231). No binding with PF4 

was showed by the dedicated software, as reported in Figure 9, in which the released heat (H, 

kcal/mol) vs DFT/protein Molar Ratio is reported overlapped with the titration of the G9850 one, 

that was in this case analysed in the same conditions. 
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Figure 5.3.9 ITC measurements titration curves 

 

The software automatically fits the raw heat released when a binding is recognized, and as can be 

observed for P6231 no fit curve was obtained, while for G9850, tested as a positive interaction con-

trol, the integrated raw heat gave back a fit curve, index of the presence of interaction. 

 

5.3.3.5. Effect of DFT and heparin on clotting parameters and on HIT mediated platelet 

aggregation 

The clotting profile of the plasma supplemented with the three DFT samples, one per time, was 

studied over a concentration range of 0-100 ug/ml. The clotting profile of G9850 was studied at 

concentration ranging from 0 to 10 ug/ml, and the comparison of three DFT samples at 100 ug/ml 

is shown in Table 5.3.4. 

 

 Table 5.3.4 Effect of Defibrotide and Heparin on the Clotting Profiles of Normal Human Plasma (NHP) 

Sample PT aPTT TT (5 U) 

P6231 10.9 47.7 36.2 

P6232 10.8 48.5 36.4 

P6233 10.9 47.3 39.2 

G9850 11.2 > 300 > 300 

Saline 10.8 32.6 21.8 

* Defibrotide samples were tested at FC = 100 ug/ml. Heparin was tested at a FC = 10 ug/ml 
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At the highest concentrations tested, neither DFT nor heparin produced an anticoagulant effect 

measurable by the prothrombin time. In the aPTT assay, the three batches of DFT produced a mild 

elevation of aPTT (clotting times of 47.3 – 48.5 secs in comparison to the normal plasma which was 

32.6 secs and heparin at 10 ug/ml which produced a greater than 300 seconds response). In the 

thrombin time assay at 5 U/ml thrombin, the clotting times with DFT ranged from 36.2 – 39.2 secs, 

whereas heparin produced a greater than 300 sec response in this assay. 

The HIT antibody mediated platelet aggregation responses with heparin and DFT were studied at 

10ug/ml. The results are shown in Table 5.3.5. At this concentration the batches of DFT produced 

comparable aggregation responses to the saline control in the range of 9 – 16 % aggregation while 

heparin supplementation resulted in a response of 63 %. 

 

Table 5.3.5 Comparative Screening of Defibrotide and Heparin on Heparin - PF4 Antibody Mediated Platelets Aggregation 

Sample % Aggregation 

P6231 16 ± 3 

P6232 13 ± 3 

P6233 9 ± 4 

G9850 63 ± 9 

Saline 9 ± 3 

 

 Overall discussion and Conclusions 

Defibrotide is a mixture of single and double stranded phosphodiester oligonucleotides derived 

from porcine intestinal DNA depolymerization that is widely used for VOD treatment. Moreover, 

within this mixture of oligonucleotides, two aptamers (GGTTGGATTGGTTGG and GGTT-

GGATCGGTTGG) that were able to inhibit thrombin were discovered207. Defibrotide also has been 

shown to exhibit antithrombotic activity that compares favorably to heparin174,182. Heparin is the 

most widely used antithrombotic and anticoagulant drug worldwide, but its use is associated with 

several side effects; in particular, HIT is a prothrombotic adverse reaction due to the interaction of 

heparin with a chemokine protein called PF4, leading to devastating clinical effects187. The use of 

alternative antithrombotic drugs is vital for preventing further complications in HIT patients, and in 
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this context DFT has raised interest in the last years, but unfortunately there is still a lack of 

knowledge about its implication in HIT management. Thus, in the present work we characterize the 

interaction of DFT with PF4 to assess the potential to use DFT as a substitute therapy to treat HIT 

patients. 

It is well-known that the interaction heparin/PF4 is a result of nonspecific electrostatic forces, 

mainly due to the presence of sulphated groups156. In addition, the polysaccharide chain length plays 

an important role in the complex formation. It has been shown that with greater chain length, and 

higher molecular weight, there is a greater interaction with PF4125. Because of the lack of knowledge 

in the characterization of structure and molecular weight distribution of DFT, we first evaluated both 

the parameters of three different DFT API batches (P6231, P6232 and P6233) by NMR spectroscopy 

and by HP-SEC. In particular, an in-depth characterization of P6231 structure was performed by pro-

ton, carbon and phosphorus NMR analysis, and by 1H/13C-HSQC study, obtaining spectra according 

to DNA profiles already reported in literature195. 

HP-SEC coupled with TDA is a technique that combines light scattering (LS), viscometer and refrac-

tive index (RI) detectors, and can be applicable to natural molecules, such as proteins or polysac-

charides, and synthetic polymers95. The major advantage of using this method is that no column 

calibration is needed, and the molecular size can be related to the secondary structure of a polymer, 

either in terms of chain stiffness or conformation78. After the experimental calculation of the correct 

dn/dc parameter (0.147), we analysed the three different DFT batches and demonstrated that these 

samples are considerably similar in terms of their molecular weight distributions. Equating the Mw 

distribution results of the three DFT with G9850, the UFH was more monodisperse and exhibited a 

lower Mw in comparison to the average values of the three DFT. Despite these observations, the Rh 

values were quite similar. These results can be attributed to the different structural conformations: 

heparin in solution maintains a linear structure due to the repulsive action of the negative charges, 

while we can propose that DFT, despite the presence of phosphate groups, could tend to fold on 

itself in solution (data not supported by literature). 

PCS and Zp evaluation techniques are very sensitive methods usually employed to analyze particle 

size and electric potential difference between the dispersion medium and the stationary layer of 

fluid attached to the dispersed particles respectively. The suitability of these methods for testing 

polysaccharide/PF4 interactions has been demonstrated156. To evaluate DFT/PF4 complex 
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formation, a titration of the protein with increasing concentrations of the polymer was performed. 

The main information resulting from PCS and Zp techniques is the evaluation of the PF4/DFT Ratio 

(PDR) for which the maximal aggregation is obtained; for PCS analysis, this value is experimentally 

obtained, while for Zp technique, the value is mathematically extrapolated as the PDR at which Zp 

is zero. The three DFT samples gave analogous titration curves with both the methods, a result con-

sistent with their similar molecular weight distributions. It is known that the interaction with PF4 is 

purely electrostatic and non-specific for heparin, and that the interaction is greater as the molecular 

weight and chain length of heparin increases. When similar Mw samples are analysed, similar inter-

action results are obtained. We expect that complex formation with DFT is also regulated by these 

forces. Comparing the PDR of maximal aggregation evaluated by PCS (6.4) to the G9850 UFH sample 

PHR value obtained from a titration curve performed in the same conditions (9.0), a lesser interac-

tion with PF4 was shown, taking into account the higher average DFT Mw, and the same result is 

obtained by Zp technique, where a lower PDR (about 11) was obtained compared to the UFH’s PHR 

(13). Furthermore, the DFT PDR resulting in maximum aggregation is closer to that of lower molec-

ular weight heparin than the UFH characterized in this work, as showed previously156, a further con-

firmation of the lesser interaction with PF4. 

For better understand the differences in the anticoagulant and antithrombotic activities of DFT and 

heparin, we decided to perform PT, aPTT and TT assays. Although DFT is a polyelectrolyte compara-

ble to heparin in molecular weight, its composition differs from heparin. DFT itself did not produced 

any sizeable effects on coagulation profile of normal plasma as measured by PT, aPTT and TT assays 

at concentrations of up to 100 ug/ml. However, heparin produced strong anticoagulant effect in 

aPTT and TT assay at 10 ug/ml. Therefore, in comparison to heparin, DFT is almost a non-anticoag-

ulant agent. In the HIT antibody mediated platelet aggregation assay, DFT did not produce any pos-

itive responses at 10 ug/ml, whereas heparin produced a marked aggregation of platelet suggesting 

strong interaction with HIT antibody. Consequently, DFT is devoid of any positive interactions with 

HIT antibody in this functional assay and these results are confirmed by ITC analysis, where the 

analysis of P6231 showed no binding with PF4.  

As mentioned above, by ITC measurement the DFT sample analyzed did not bind the protein; on the 

other hand, as shown by PCS and Zp techniques, DFT can form complexes with PF4 with size very 

similar to the G9850 one, but needing higher molar concentrations for reaching the maximum of 
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aggregation, compared to the same heparin. ITC provides thermodynamics of a ligand-protein in-

teraction by measuring the heat released during the complex formation, while the PCS and Zp are 

techniques that evaluate physical properties of a complex; a reason for not seeing any binding be-

tween P6231 and PF4 with ITC could be that the heat released during the titration was under the 

technique sensitivity threshold, so a very slight interaction between the polymer and the protein 

exist, but it’s very low, and this consideration is on line with PCS and Zp results, which clearly show 

that a DFT/PF4 complex can be formed. 

In the context of finding alternatives for HIT management, in the present work we characterized the 

interaction between three API DFT samples and the chemokine PF4, by PCS, Surface Charge evalu-

ation and ITC measurements. Results show a low interaction between the polymer and the protein, 

in particular if compared to a porcine UFH. 
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