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Abstract

:

This work evaluated the hydrodynamic properties of heparin hydrolysed at temperatures ranging from 40 °C to 80 °C in buffered acid and alkaline environments. The correlation between hydrodynamic parameters led to the conclusion that polymer conformational changes appeared to be minimal until chain depolymerisation, initiated at pH 1 and 80 °C. However, the synergy of conformational changes, even if minimal, and sulphate loss observed at pH 1, pH 3 and pH 12 (various temperatures) resulted in a loss of the antifactor Xa activity. Therefore, the ‘contribution’ of conformational changes should be added to the generally recognized effect of desulphation towards the activity of heparin. This is of significance as the processing of medical heparin is complex, and requires adjustment of several physical and chemical factors, including pH and temperature.
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1. Introduction


At a first glance, heparin could be perceived as a simple molecule. It is composed of alternating monomeric units of uronic acid, i.e., α-L-iduronate (IdoA) or β-D-glucuronate (GlcA) and α-D-glucosamine (GlcN), connected by 1–4 links to form a linear, unbranched structure [1,2,3]. The initial polysaccharide, consisting of a [GlcA-(1,4)-GlcNAc]n polymer, is successively modified by 12 biosynthetic enzymes. The actions of N-deacetylase/N-sulfotransferase (NDST), C-5 epimerase (C5 epi) and O-sulfotransferases (OSTs) result in the production of highly sulphated, uronic-acid-rich heparin chains [3,4,5,6]. Each disaccharide residue has several potential sulphation sites at position 2- (2S-) in IdoA and positions 6-, 3- and 2- (6S-, 3S- and NS-, respectively) in GlcN, providing, in principle, 32 possible structural modifications to each disaccharide building block; however, it is not completely understood how these modifications are regulated [6,7,8]. The result is a complex substitution pattern along the heparin chains of various lengths, which deprives heparin of ‘the simple molecule’ status.



In heparins, particularly in the commercial ones, the average degree of sulphation equals ~2.7 per disaccharide unit; it equates to around 97 sulpho-groups per heparin polymer chain of molecular weight 2 × 104 g/mol [7,9,10]. The overall negative charge density is additionally increased by the carboxyl groups on the uronic-acid residues, making heparin one of the most negatively charged biological macromolecules [3,11]. A major contribution to the biological activity of heparin results from electrostatic interactions between these negatively charged (especially sulpho) groups with basic amino-acid residues (arginine, lysine and, at appropriate pH values, also histidine) of heparin-binding proteins [4,8,12]. The selectivity of binding controls numerous important biological processes, among which the ability of heparin to influence the coagulation of blood, i.e., the anticoagulant activity, has been investigated with the greatest attention [2,13,14]. It has been shown that changes in the sulphation pattern of heparin affect its biochemical activity; for example, 2/6-O-desulphated heparin demonstrated antifibrotic and anti-inflammatory properties [15,16,17], and the removal of N- and 3-O-sulphate reduced the anticoagulant activity of heparin [8,16,18].



In the early work on heparin conformation, the aqueous form of the macromolecule was proposed to have an extended, helical structure [19,20]. The major sources of the flexibility of such structured polysaccharides are the torsion angles of the glycosidic bonds, Φ and Ψ, located between the monosaccharide residues [21,22,23] and the propensity of the IdoA2S to exist in several conformations [24]. However, the studies on the heparin structure in solution clarified that the unique flexibility of its chain arises from the combined effect of multiple factors, for example; ionic concentration of counter cations [7,8,20], hydrogen bonding [25], iduronate dynamics [26], the degree and pattern of sulphation [1,27,28] and chain length [29,30,31], summarised in Figure 1.



While heparin has been reported to interact with hundreds of other proteins [33], in most cases, little or no information about their structure–activity relationships is available. The structural manipulations have clear consequences for the pharmacological activity of heparin. This, in turn, has created an opportunity to diversify the therapeutic profile of heparin. It has also underlined the necessity to cautiously examine heparin preparations, to avoid undesired pharmacological effects, such as changes in substitution pattern, depolymerisation or changes to global hydrodynamic properties which may occur to heparin during the production process or through inadvertent exposure to extreme conditions of temperature or pH.



For sulphated polysaccharides such as heparin there is a serious risk of hydrolytic sulphate loss, especially when operating at the extremum of the pH scale [9,23,34,35]. Owing to desulphation, the intramolecular electrostatic repulsion forces between the molecules of polysaccharides decrease, allowing more flexible and less extended conformation [36]. The heparin with the lowered degree of sulphation might be expected to behave as a more compact molecule when in solution, compared to a molecule of unchanged sulphation pattern and identical degree of polymerisation. Taking another look at the diagram presented in Figure 1, it could be concluded that any change to the distribution of negatively charged groups has the potential to alter the conformation of heparin, ergo, affect its pharmacological functionality and/or off-target activity.



The environment that heparin is normally found in (as a finished pharmacological product) and processed in (as raw material), i.e., aqueous medium, provides plenty of opportunities for hydrolytic desulphation. Furthermore, both the storage of heparin drug and the multistage manufacturing process require many factors (i.e., temperature, chemicals, time, pressure, etc.) to be adjusted for the sake of optimal conditions. For example, the temperature can be as low as 4 °C during precipitation, increasing to 60 °C for alkalase digestion, and being further elevated to ~80 °C during the isolation and drying of heparin [37]. Then, the analysis of pharmacologically active unfractionated heparin and its digestion into low-molecular-weight products requires heat application from 40 °C to 80 °C [29,37,38]. The pH changes usually apply to the treatment of raw material (i.e., pig mucous) during heparin extraction and the depolymerisation of unfractionated products; these vary between pH 1 and pH 12, depending on the treatment stage [37,38,39].



It has been demonstrated that variations in temperature and pH effectively alter the degree of sulphate substitution and cause structural changes along the heparin chain in aqueous solutions [9,34,35,40,41,42,43,44]. In these studies, the scientific questions were mostly asked from the perspective of molecule stability, including our contribution to the discussion on the scope of hydrolytic desulphation and conformation of heparin in buffered alkaline and acidic media [34,40]. Here, we discuss the effect of desulphation and depolymerisation observed in conditions corresponding to heparin storage and manufacturing conditions, i.e., pH range from 1 to 12 (chosen examples) and temperature from 40 °C to 80 °C (chosen examples), towards the physical properties (i.e., size and conformation) and their effect on the pharmacological performance of heparin. For this purpose, advanced hydrodynamic methods were employed. The conclusions concerning the conformation and molecular expansion of heparin that has been hydrolysed in a range of buffered aqueous solutions and a set of temperatures are based on the results of the sedimentation velocity in analytical ultracentrifugation; the weight-average molecular weight Mw, polydispersity and intrinsic viscosity are confirmed with size-exclusion chromatography coupled to a series of detectors. The collected results are considered together with the pharmacological activity and confirm the relation between the sulphation degree, physical properties and therapeutic functionality of heparin.




2. Materials and Methods


2.1. Materials


All reagents used in this study were of analytical grade or higher. All solutions were prepared in Milli-Q ultrapure water of ≥18.2 MΩ·cm resistivities at 25 °C. Heparin sodium salt (porcine mucosal; Mw,0 ≈ 20,000 g/mol, Mw/Mn = 1.1) was provided by LEO Pharma (LEO Pharma A/S, Cork, Ireland/Ballerup, Denmark) and used without further purification. Chemicals used for buffering systems, i.e., potassium chloride, sodium citrate, citric acid and dibasic sodium phosphate, were purchased from Sigma-Aldrich (Sigma-Aldrich, Dorset, UK), while concentrated hydrochloric acid (12.1 M), sodium hydroxide (pearls) and disodium tetraborate decahydrate were purchased from Fisher Scientific (Fisher Scientific, Loughborough, UK).




2.2. Analytical Solutions


Heparin stock: The aqueous stock of final concentration 10 mg/mL was prepared by dissolving 10 g of oven-dried (48 h/60 °C) heparin in 1 L of water with stirring for 12 h.



Buffered heparin solutions: Buffering systems (0.1 M) that ranged between pH 1 and 12 were prepared in sealable glass bottles (250 mL) by dissolving the appropriate mass of buffering salts directly in heparin stock at room temperature with vigorous stirring until fully dissolved. This approach allowed full control over the concentration and volume of the hydrolysed samples, and only minimal (if any) pH adjustment. The composition details of buffering systems are summarized in Table 1.




2.3. Heparin Hydrolysis


Detailed protocols of acidic and alkaline hydrolysis of heparin have been described in our earlier publications on heparin stability [34,40]. In brief, heparin (sodium form) was thermally stressed over time at various pHs (see Table 1). Samples buffered at the pH range from 1 to 12 were prepared in separate, sealable glass bottles (250 mL) The bottles were incubated in a water bath at 40 °C, 60 °C or 80 °C for 48 h. Samples were immediately cooled down in an ice bath and neutralised with 1.0 M NaOH or 1.0 M HCl to pH 7.0–7.5. The neutralised hydrolysates were further diluted with deionised water to a final concentration of 5 mg/mL (5000 ppm).




2.4. Analytical Methods


The analytical data were recorded with original software matching individual techniques (details given in methodology). The numerical results were extracted and replotted (where applicable) in OriginPro v. 2020 (OrginLab Corporation, Northampton, MA, USA).



2.4.1. Size-Exclusion Chromatography


Weight-average molecular weight (Mw) of hydrolysed samples was measured with the size-exclusion chromatography (SEC) coupled with multiangle light scattering (MALS; DAWN+) and refractive index (RI; Optilab T-REX) detectors (Wyatt Technology Corporation, Santa Barbara, USA). Samples were separated on TSK G4000 SWXL and TSK G3000 SWXL columns (Tosoh Bioscience, Tokyo, Japan), protected by a similarly packed guard column. The flow of the 0.1 M NH4OAc + 0.05% (w/v) NaN3 mobile phase was set to 0.6 mL/min at 30 °C. The concentrations of analysed samples were 5 mg/mL (5000 ppm). The monodisperse bovine serum albumin (BSA) was prepared at a concentration of 2 mg/mL (2000 ppm) and used as the system normalisation standard, prepared in buffers identical to those of experimental samples (see Table 1). Each sample was filtered through a 0.45 µm regenerated-cellulose (RC) syringe filter (17 mm, Thermo Fisher Scientific, Paisley, UK). Data were analysed using Astra software v. 6.1.5 (Wyatt Technology Corporation, Santa Barbara, CA, USA). Refractive index increments (dn/dc) of 0.131 mL/g and 0.185 mL/g were used, respectively, for heparin and BSA [47,48]. For intrinsic viscosity determination, the experimental procedure was repeated on a similar SEC set-up (LB-G 6B guard column and LB-805 column (ShodexTM) connected in series) with an additional online Wyatt Viscostar-II (Wyatt Technology, Santa Barbara, CA, USA) differential-pressure-viscosity (DPV) detector at the National Centre for Macromolecular Hydrodynamics (NCMH), University of Nottingham.




2.4.2. Sedimentation Velocity in the Analytical Ultracentrifuge


The change in sedimentation velocity was measured using an Optima XLI Analytical Ultracentrifuge (Beckman Instruments, Palo Alto, CA, USA). Before the analytical procedure, the selected heparin hydrolysates (2.5 mL) were loaded onto the PD-10 column, prepacked with SephadexTM G-25 Medium (GE Healthcare Life Sciences, Little Chalfont, UK) and desalted with water. The eluates were freeze-dried, accurately weighed and redissolved in 0.2 M acetate buffer (pH 4.3) to a final concentration of 1.0 mg/mL (1000 ppm) and left overnight (with stirring). Samples and the appropriate buffer (see Table 1) were loaded into the solution and reference channels, respectively of a double sector 12 mm optical path length cell and centrifuged at 50,000 rpm at 20.0 °C. The movement of the sedimenting boundary in the analytical cell was recorded with the Rayleigh interference optical system and converted to concentration (in units of fringe displacement relative to the meniscus, j) versus radial position, r [49]. The data were analysed using the ‘‘least squares, c(s) model’’ available in SEDFIT (Version 9.4b) software [50,51,52].




2.4.3. Pharmacological Activity Assay


The changes in the pharmacological activity of hydrolysed samples were disclosed by the courtesy of LEO Pharma (LEO Pharma A/S, Ballerup, Denmark). Samples were analysed (in duplicate) against the heparin-sodium standard using the Pentra Haematology Analyzer (HORIBA, Ltd., Kyoto, Japan), following the industrial antifactor Xa protocol.






3. Results and Discussion


The choice in samples presented in this study includes those with varied extents of desulphation following treatment in acidic and alkaline environments, discussed in previous studies on heparin stability [34,40,53]. Consequently, the samples that lost very little or no sulphate, i.e., pH 6/48 h/40 °C, pH 10/48 h/40 °C and pH 11/48 h/60 °C; a sample with moderate sulphate loss, i.e., pH 3/48 h/60 °C, and the samples with significant sulphate loss, i.e., pH 12/48 h/80 °C and pH 1/48 h/80 °C, were analysed, as summarised in Table 2.



3.1. Analysis with Size-Exclusion Chromatography


The results of the SEC-MALS-RI analysis are summarised in Table 3. The weight-average molecular weight (Mw) decreased with the severity of the applied conditions (Figure 2) [17,28]. The loss of Mw did not affect their polydispersity (Mw/Mn) (results not shown), apart from at pH 1 when minor glycosidic scission was observed [34]. The decrease in Mw was consistent with the changes in intrinsic viscosity ([η]), which indicates minor conformational changes, except at pH 1 (due to depolymerisation [34]) and pH 12 (due to deacetylation [40]). This relation suggests that minor to moderate sulphate loss does not affect the shape of heparin in solution to the same degree as chain degradation.




3.2. Results of Analytical Ultracentrifugation


The sedimentation coefficient, s20,w, showed a similar trend to changes observed in Mw and [η], as presented in Figure 2. Compact molecules have less friction, and therefore sediment more quickly with less resistance to the flow, hence, they show reduced viscosity [36,49,55]. Previous studies have shown that considerable changes in these hydrodynamic parameters followed definite depolymerisation of the macromolecular chain [54]. Referring to the depolymerisation of heparin described in Section 3.1, it could be assumed that the level of chain scission was insufficient (in most cases minimal or not observed) to affect the molecular conformation of heparin to a significant degree, except at pH 1 [34]. A similar conclusion can be drawn when looking at the desulphation, and in the case of pH 12, accompanying deacetylation (refs. [34] and [40]). The diffusion coefficient (D20,w), a measure of the mass of the dissolved material transported per unit of time [21,23], increased proportionally to Mw loss, as expected (Table 3). The hydrodynamic radius (Rh), which relates to the apparent volume of molecules in the solution [22,56], decreased with the Mw and sulphate loss (Table 3).




3.3. Conformational Analyses


3.3.1. Mark–Houwink–Kuhn–Sakurada (MHKS) Relations


For a homologous series of polymers of different molecular weights, the chain conformation can be estimated from the molecular-weight dependency of the intrinsic viscosity ([η]), following Equation (1) [57].


  [ η ] =  κ η   M  a   



(1)




where κη and a are obtained from the intercept and slope of the double log plot of [η] vs. M from size exclusion coupled online with light-scattering (LS) and differential-pressure-viscosity (DPV) detectors. The value of a can be used as an estimation of gross macromolecular conformation and, hence, an a value of ~0 corresponds to spheres, 0.5–0.8 to random coils, and up to 1.8 to rigid rods [57]. Therefore, all conditions other than pH 1 result in a heparin structure with an a exponent of 1.02 ± 0.03, which is consistent with a rigid structure (Table 3). The removal of ~ 60% of the sulphate groups at pH 1 and the corresponding loss of negative charge on the polymer chain results in a reduction in chain stiffness and a random coil conformation (a = 0.50) for this partially desulphated heparin.




3.3.2. Translational Frictional Ratio


The translational frictional ratio, f/f0, is a parameter which depends on conformation and molecular expansion through hydration effects [56]. It can be measured experimentally from the hydrodynamic radius (or translational diffusion coefficient) and weight-average molecular weight:


     f   f 0    =  r H    (   4 π  N A    3  v ¯   M w    )    1 3     



(2)




where NA is Avogadro’s number, f is the friction coefficient of the molecule and f0 is the friction coefficient for a spherical particle of the same mass and (anhydrous) volume [56]. Again, other than at pH 1, there is a minor change in the values of the frictional ratio.




3.3.3. Estimation of Persistence Length


The flexibility of heparin chains can also be estimated by using the persistence length, Lp [57], where longer persistence lengths are consistent with greater chain rigidity. This was calculated using the HYDFIT program [58], and the degree of sulphate loss enabled the mass per unit length (essentially the molar mass of one nm of a polymer chain) to be fixed. The program then estimated the expected intrinsic viscosity for a given molecular weight and mass per unit length and compared this to the experimentally determined value. Again, other than at pH 1, there was little change in the persistence length. Furthermore, there is also a semiquantitative relationship between Lp/ML and conformation [59], at least in the case of pectins, and the transition from a rigid rod to a more flexible coil occurs at ~0.01 nm2mol g−1. Therefore, other than pH 1, the heparin samples have a relatively rigid conformation, but at pH 1, the conformation is more flexible, which is consistent with the Kuhn–Sakurada (MHKS) exponent and the translational frictional ratio.





3.4. Activity Change in Light of Hydrodynamic Data


The conformational data and antifactor Xa activity changes are summarised in Table 3. Persistence length (Lp), Mark–Houwink exponent (a) and frictional ratio (f/f0) show minor changes, except for the sample hydrolysed pH 1/48 h/80 °C. For this sample, the most substantial antifactor Xa activity loss was observed. In previous studies, Stivala et al. (1967) linked the decrease in frictional parameters with activity loss [60], confirmed in the following analysis by Erlich and Stivala (1974) [61]. However, pH 1 was also associated with the most substantial desulphation (Table 2). The activity drop was detected for only two more samples that were also desulphated, i.e., pH 3 and pH 12 (Table 2). Considering the previously demonstrated effect of desulphation on the anticoagulation activity of heparin [8,16,18] and the minor conformational changes observed here, it is hard to draw unambiguous conclusions regarding the exclusive influence of the latter. Preferably, both (desulphation and conformational changes) should be considered in parallel, suggesting the ‘driving force’, where appropriate. For example, the desulphation of heparin was the most probable driving force affecting the activity of heparin when exposed to milder acidic conditions (pH 3, Table 2), as the conformational changes were negligible (Table 3). Nevertheless, it is useful to consider these two features, i.e., degree of desulphation and chain conformational, when investigating heparin activity, recalling that the latter is usually a consequence of the former (desulphation → conformational changes).





4. Conclusions


In summary, the mild buffering conditions affected the sulphation pattern along the heparin chain. The loss of sulphate resulted in a decrease in molecular weight, which was more severe at pH 1, when the depolymerisation of the macromolecular chain also contributed to molecular weight loss. The intrinsic viscosity and sedimentation coefficient decreased proportionally to molecular weight, indicating that there were few or no conformational changes other than at pH 1. This trend was confirmed by physical parameters: the persistence length (Lp); the ratio of the persistence length to the mass per unit length (LP/ML); Mark–Houwink exponent (a) and frictional ratio (f/f0), which were similar under all conditions other than pH 1. The collected results were analysed concerning the antifactor Xa activity of pharmacological heparin, changes which probably arose due to de-N-sulphation. This study demonstrates that it is essential to carefully evaluate the conditions applied in the treatment, processing and storing of heparin designated for medical use.
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Figure 1. The cause-and-effect diagram assesses the effect of several interlinked variables on the flexibility of the heparin chain. Based on: [7,8] a,b, [25] c, [1,26,27,28] d–h, [6,32] i,j and [29,30,31] k–m. 
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Figure 2. Weight-average molecular weight (Mw), intrinsic viscosity ([η]) and sedimentation coefficient (s20,w) for heparin samples, plotted against hydrolytic pH and temperature. The error bars indicate the statistical consistency of the data calculated by ASTRA and SEDFIT algorithms; where not visible (i.e., acid scale ηw), the bars are concealed by data points. 
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Table 1. Details of buffering systems applied in heparin hydrolysis protocol.
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	Buffering System
	Formula
	pH Range





	Hydrochloric Acid—

Potassium Chloride [45]
	HCl + KCl
	1.0–2.2



	Citrate Buffer [45]
	C6H5O7H2 + C6H5O7Na2·2H2O
	3.0–6.2



	Borax Buffer [46]
	Na2B4O7·10H2O + NaOH
	9.2–10.8



	Phosphate Buffer [46]
	NaH2PO4 + NaOH
	10.9–12.0
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Table 2. Degree of desulphation for heparin samples analysed in the presented study.
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	Sample
	Sulphate Removed (%)
	Reference





	Heparin Standard
	<LOQ *,1
	[53]



	pH 6/48 h/40 °C
	<LOQ *
	[34]



	pH 10/48 h/40 °C
	<LOQ *
	[40]



	pH 3/48 h/60 °C
	5.4 (0.8)
	[34]



	pH 11/48 h/60 °C
	<LOQ *
	[40]



	pH 12/48 h/80 °C
	14.5 (1.4)
	[40]



	pH 1/48 h/80 °C
	59.8 (1.6)
	[34]







* (<Limit of Quantification ~0.001%), 1 free sulphate measured in heparin standard.
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Table 3. Summary of measured parameters of hydrolysed heparin, concerning applied pH and temperature.
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Mw

	
[η]w

	
s20,w

	
D20,w

107

	
Rh

	
f/f0

	
Lp

	
ML

	
Lp/ML

	
a

	
AntiXa 1




	
Sample

	
(g/mol)

	
(mL/g)

	
(S)

	
(cm2s−1)

	
(nm)

	
[η]

	
(nm)

	
(g/mol.nm)

	
(mol.nm2/g)

	

	
(IU/mL)






	
Heparin

Standard

	
20,000 (700) a

	
25.7 (0.1) a

	
1.71 (0.05)

	
4.37 (0.56)

	
4.62 (0.28)

	
2.8

	
6

	
559 (1) a

	
0.0107

	
1.02

	
911 (10) a




	
pH 6/48 h/40 °C

	
19,900 (500) a

	
26.3 (0.1) a

	
1.86 (0.05)

	
4.54 (0.37)

	
4.54 (0.18)

	
2.9

	
6

	
559 (1) a

	
0.0107

	
1.02

	
509 (5) d




	
pH 10/48 h/40 °C

	
19,800 (600) a

	
25.0 (0.1) a

	
1.86 (0.05)

	
4.59 (0.40)

	
4.48 (0.19)

	
2.8

	
5

	
559 (1) a

	
0.0089

	
0.95

	
723 (8) b




	
pH 3/48 h/60 °C

	
17,900 (1300) a

	
26.4 (0.2) a

	
1.79 (0.05)

	
4.77 (0.31)

	
4.36 (0.14)

	
2.9

	
6

	
548 (2) b

	
0.0109

	
1.03

	
266 (6) f




	
pH 11/48 h/60 °C

	
17,400 (900) a

	
24.3 (0.3) a,b

	
1.70 (0.05)

	
4.81 (0.46)

	
4.26 (0.19)

	
2.7

	
6

	
559 (1) a

	
0.0107

	
1.04

	
682 (1) c




	
pH 12/48 h/80 °C

	
15,100 (700) a,b

	
22.3 (0.3) b

	
1.70 (0.05)

	
5.34 (0.34)

	
3.89 (0.12)

	
2.7

	
6

	
529 (3) c

	
0.0113

	
1.04

	
322 (1) e




	
pH 1/48 h/80 °C

	
14,600 (1900) b

	
13.2 (0.3) c

	
1.83 (0.05)

	
6.22 (0.63)

	
3.29 (0.16)

	
2.3

	
2

	
437 (3) d

	
0.0046

	
0.50

	
<1 g




	
Pavlov et al. [54]

	
4000–37,000

	
8.0–40

	
1.30–3.18

	
3.95–15.40

	
1.39–5.42

	
1.6–3.0

	
3–6

	
570 (50)

	
0.0061–0.0105

	
0.90 (0.06)

	
n/a








Numbers in brackets stand for the statistical consistency of the data calculated by ASTRA and SEDFIT algorithms. The means of each property followed by different letters in the same column are significantly different (p ≤ 0.05). D20,w and Rh were estimated using the Svedberg and Stokes–Einstein equations, respectively (see for example ref. [52]). a—the intrinsic viscosity exponent; 1 Antifactor Xa activity.
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