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Advances in heparin structural analysis by
chromatography technologies
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Abstract: Heparin (Hp) is the most widely used anticoagulant drug in the clinics, with an an-
nual global output of over 10 billion dollars. Hp, a member of the glycosaminoglycans ( GAGs) ,
is prepared from porcine intestinal mucosa via extraction, separation, and purification. Hp is a
linear polysaccharide with repeating disaccharide units. Low-molecular-weight heparins ( LM-
WHs) are depolymerized from Hp via chemical or enzymatic degradation. Compared with Hp,
LMWHs exhibit less bleeding side effect, milder immunogenicity, and higher bioavailability
when injected subcutaneously. In general, Hps, including LMWHs, are high complex drugs with
large molecular weights (MWs) , inhomogeneous MW distributions, and structural heterogenei-
ty, including different degrees and locations of sulfonation, and unique residues generated from
different production processes. Thus, developing efficient analytical methods to elucidate the
structures of Hps and characterize or quantitate their properties is extremely challenging. Unfor-
tunately, this problem limits their quality control, production optimization, clinical safety moni-
toring, and new applications. Research has constantly sought to elucidate the complicated
structures of Hp drugs. Among the structural analysis and quality control methods of Hp cur-
rently available, chromatographic methods are the most widely studied and used. However, no

literature thoroughly summarizes the specific applications of chromatographic methods in the
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structural analysis, manufacturing process, and quality control of Hp drugs. This paper system-
atically organizes and describes recent research progresses of the chromatographic methods
used to analyze Hp drugs, including the identification and composition of monosaccharides, di-
saccharides, oligosaccharides, and polysaccharides. The applications, innovations, and limita-
tions of these chromatographic methods are also summarized in this review. The insights ob-
tained in this study will help production and quality control personnel, as well as drug research-
ers, obtain a deeper understanding of the complex structures of Hp drugs. This paper also pro-
vides a comprehensive reference for the structural analysis and quality control of Hps, proposes
ideas for the development of new quality control methods, and lays a strong foundation for the
in-depth structural elucidation of Hp drugs.

Key words: chromatography; monosaccharide composition analysis; disaccharide composition

analysis; oligosaccharide analysis; polysaccharide analysis; heparin ( Hp ); low molecular

weight heparin (LMWHS) ; review
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Fig. 1 Heparin biosynthesis and structure
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Fig. 2 Chromatogram of 16 sugars by ion chromatography with pulsed amperometric detection (IC-PAD )[4
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Table 1 Monosaccharide composition analysis methods
No. Derlvatization Method Parameters Analytes Ref. Published
reagent year
1 PMP RPLC-UV LOD: 0.04-1.6 pmol/L; LOQ: 0.15-1.6 pmol/L; mass re- 10 sugars [51] 2016
covery: 92%-100%; RSD: 0.3%
2 PMP RPLC-MS (MRM) LOD: 0.056-5.6 fmol/L; LOQ: 0.5-10 ng/mL; RSD: 6.0% 16 sugars [53] 2017
3 2-AB and 2-AP RPLC-UV LOD: 1.2-11 nmol/L; LOQ: 4-36 nmol/L; repeatability: 10 sugars [52] 2021
2%-9% ; inter-day repeatability . 3%—9%
4 d3-4-MOBHA - HCI RPLC-MS (MRM) LOD: 1.2-11 nmol/L; LOQ: 0.25-3 fmol/L; mass recovery: 12 sugars [58] 2021
85%-110%
5 no IC LOD: 1.0 ng; LOQ: 2.5 ng 16 sugars [45] 2012

PMP: 1-phenyl-3-methyl-5-pyrazolone; 2-AB: 2-amino benzamide; 2-AP: 2-amino pyrazine; d3-4-MOBHA - HCI: O-(4-( methoxy-

d3) benzyl ) hydroxylamine hydrochloride.
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Table 2 Composition of disaccharide analysis from heparin or low molecular weight heparins (LMWHs) by various methods
SAX- SAX- SAX- SAX- IPRP- HILIC- HILIC-

No. Composition UVHer(63]  gRCHer(65]  QRCEnol66] QReNadrol 651 pQEnol70]  pgNadro[72]  prgEno[60]
1 AU-GlIcNAc 1 1 1 1 1 1 1
2 AU-GIcNS 1 1 1 1 1 1 1
3 AU-GIcNAc, 6S 1 1 1 1 1 1 1
4 AU2S-GIcNAc 1 1 1 1 1 1 1
5 AU-GIcNS, 6S 1 1 1 1 1 1 1
6 AU2S-GIcNS 1 1 1 1 1 1 1
7 AU2S-GIcNAc, 6S 1 1 1 1 1 1 1
8 AU2S-GIceNS, 6S 1 1 1 1 1 1 1
9 AGalA-GIcNS 1 0 0 0 0 1 1

10 AGalA-GIcNS, 6S 1 0 0 0 0 1 1

12 IdoA2S-GIcNS 1 0 0 0 0 1 1

13 U2S-GleNS or U-GIceNS, 6S 0 0 1 0 0 0 0

14 U2S-GlcNAc or U-GlcNAc, 6S 0 0 0 1 0 0 0

15 IdoA2S-GIcNS, 6S 1 0 0 0 0 1 1

16 AU2S-GIcN, 6S 0 0 0 0 0 1 1

17 AU2S-GIcN 0 0 0 0 0 1 1

18 AU-GIcN, 6S 0 0 0 0 0 1 1

19 AU-GIcN 0 0 0 0 0 0 1

20 AGlyser 1 1 1 1 0 1 1
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Table 2 (Continued)
. SAX- SAX- SAX- SAX- IPRP- HILIC- HILIC-
No. Composition UVHer(63]  gRCHen(65]  gRCEnol6] gReNadrol66]  pgEnol70]  pgNadro[72]  prgEnol60]
21 AGlyser,y, 1 0 0 0 0 1 1
22 AGlyser,, 1 0 0 0 0 0 0
23 Other non-endogenous derivatives Algq; 1 0 0 0 0 0 0
24 Tetrasaccharide A Alg-I g0, 1 0 0 0 0 0 0
25 Tetrasaccharide B Al,q;-Ig4 1 0 0 0 0 0 0
26 AU-GIcNAc,6S-GlcA-GIeNS, 38 1 0 0 0 0 0 0
27 AU-GIcNAc,6S-GlcA-GIeNS, 35,68 1 1 1 1 1 1 1
28 AU-GIcNS, 6S-GlcA-GleNS, 3S,6S 1 1 1 0 0 1 1
29 AU2S-GlcNAc,6S-GlcA-GleNS, 3S,6S 1 0 0 0 0 1 0
30 AU2S-GIcNS, 6S-GlcA-GIeNS, 3S,6S 1 0 0 0 0 1 0
31 GIcNS-IdoA2S-GleNS, 6S or GIeNS, 0 0 1 0 0 0 0
6S-IdoA2S-GIcNS
32 GIcNS,6S-1doA2S-GIeNS, 6S 1 0 0 0 0 1 1
33 AU-GIcNS,6S-HexA 0 0 0 0 0 1 1
34 AU2S-GlcNAc,6S-HexA 0 0 0 0 0 0 1
35 AU2S-GIcNS, 6S-HexA 0 0 0 0 0 1 1
36 AU2S-GIcNS,6S-HexA2S 0 0 1 0 0 1 1
37 AU2CS-GIcNS, 68 0 0 0 0 0 1 1
38 GleNS,6S-U2CS-GIeNS or GleNS-U2CS-GlIeNS, 65 0 0 0 1 0 0 0
39 AUA2S-GIcNS,6S-GlcA-2, 3-anhydro-GIcNS 0 0 0 0 0 1 1
40 AUA-GIcNS-HexA2S,3S-GlcNS 0 0 0 0 0 1 1
41 3-0-S Adp2 0 0 0 0 0 1 0
42 3-0-S Adp4 (3S, 1Ac) 0 0 0 0 0 1 0
43 3-0-S Adp4 (4S, 0Ac) 0 1 1 0 0 1 0
44 3-0-S Adp4 (4S, 1Ac) 0 2 0 0 0 0 0
45 3-0-S Adp4 (5S, 0Ac) 0 3 0 0 0 0 0
46 AU- Mnt6S 0 0 0 1 0 1 0
47 AU2S- Mnt6S 0 0 0 1 0 1 0
48 GlcNS,6S-U2S-Mnt6S 0 0 0 1 0 0 0
49 AU2S-GIcNS-U-Mnt6S 0 0 0 0 0 1 0
50 AU2S-GlcNAc-U2S-Mnt6S 0 0 0 1 0 0 0
51 AU2S-GleNS-U2S-Mnt6S 0 0 0 1 0 1 0
52 AU2S-GIeNS, 6S-U2S-Mnt6S 0 0 0 1 0 1 0
53  MntAdp5 (5S, 1Ac) 0 0 0 1 0 0 0
54  MntAdp6 (6S, 1Ac) 0 0 0 1 0 0 0
55 AU-1,6-anhydroGIlcNS 0 0 0 0 0 0 1
56 AU-1,6-anhydroManNS 0 0 0 0 0 0 1
57 AU2S-1,6-anhydroHexNS 0 0 0 0 2 0 1
58 GIcNS, 6S-U2S-1,6-anhydroHexNS 0 0 1 0 0 0 0
59 AU2S-GleNS,6S-U2S-1,6-anhydroManNS 0 0 0 0 1 1

Hep: heparin sodium; Eno: enoxaparin sodium; Nadro: nadroparin calcium; Mnt; 2,5-AM. ol; SEC. size-exclusion chromatogra-

phy; HILIC ; hydrophilic interaction chromatography; AU2S-GlcNAc,6S: unsaturated disaccharide with 2-O-sulfated uronic acid and N-
acetylated, 6-O-sulfated glucosamine; 3-O-S Adp4 (3S, 1Ac) : unsaturated tetrasaccharide with 3-O-sulfated glucosamine ( total three
sulfo groups, one acetyl group) ; 1. detected; 0: no detected.
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a.'D chromatogram of enoxaparin and the cutting position of each dp from 3 to 12; b.2D extracted compound chromatograms for dp3

to dpl2.
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