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Abstract

Enoxaparin, one of the most important low molecular weight heparins (LMWHs) is widely used as a clinical
anticoagulant. Different production processes and animal sources of its precursor (unfractionated heparin)
can result in the structural diversity of enoxaparin. In this study, 38 lots of enoxaparin prepared at different
times, from different providers and animal sources were systematically analyzed. SEC and SAX were used
to analyze the oligosaccharide dispersity and structural compositions (disaccharide domains) of
enoxaparins by size and charge, respectively. The results provide clues whether the structural variations in
enoxaparin, observed in oligosaccharide mapping and/or disaccharide analysis, are attributable to
differences in animal sources of its heparin precursor or enoxaparin production processes based on times
or brands. The representative enoxaparins were fingerprinted with online multiple heart-cut two-
dimensional liquid chromatography-mass spectrometry (MHC-2DLC-MS). The profiles in MHC-2DLC-
MS showed the detailed structural information of enoxaparins. In addition, the binding capacities to
antithrombin III (AT) of these 38 lots of enoxaparins were detected using surface plasmon resonance (SPR)
with competitive inhibition mode. The results showed the glycan size distribution of an enoxaparin is more
related to its production process. The disaccharide composition, sequence and the variety of glycans of an

enoxaparin are more related to its AT binding-based anticoagulant activity.
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Table S-1. Structural composition results of 38 enoxaparin samples

Peak area%

Samples = VA @ AIVS allA alllA b alls AllS ¢ alA alS d e f
EnoxEP 297 072 352 391 183 126 1058 641 181 118 60.63 1.83 1.32 137
Enox USP 303 089 3.55 414 184 1.09 1084 638 1.84 1.19 59.84 1.88 139 1.42
EnoxPl 233 036 370 413 129 179 1123 594 246 1.57 59.09 2.14 1.91 1.94
EnoxP2 229 033 348 450 141 174 11.11 598 255 1.65 58.84 2.16 1.91 1.93
EnoxP3 158 032 412 137 058 190 683 13.59 244 0.19 6041 077 2.42 3.14
EnoxP4 221 043 2.57 463 134 190 1121 601 241 1.60 59.64 224 1.86 1.84
EnoxP5 211 032 324 408 136 154 1129 581 222 1.67 61.49 1.84 134 158
EnoxCl 260 045 335 401 157 226 1098 636 1.75 1.09 6034 1.60 1.43 135
EnoxC2 273 060 322 408 170 1.00 10.84 671 1.79 1.17 60.94 1.63 1.42 133
Enox C3 224 032 358 435 149 357 1172 621 1.65 1.10 5853 1.65 1.40 121
EnoxC4 208 025 345 434 150 284 1176 637 1.71 1.13 5931 1.57 1.41 123
EnoxC5 271 048 326 417 170 1.15 1085 6.68 1.79 1.15 60.78 1.65 1.43 134
EnoxEl 2,15 028 3.06 435 136 204 1149 660 153 1.74 6024 249 122 134
EnoxE2 293 078 3.10 3.79 197 0.74 10.56 7.06 147 1.54 6132 2.08 1.19 137
EnoxE3 317 074 348 434 189 073 1094 642 178 121 60.16 1.55 1.25 127
EnoxE4 312 082 346 410 191 076 1076 642 1.83 123 6041 1.68 1.24 128
EnoxE5 311 079 350 430 187 083 1072 647 1.81 124 60.26 1.52 125 127
EnoxE6  3.17 090 356 411 182 085 1050 6.55 1.88 1.11 60.30 1.70 135 1.42
EnoxE7 289 080 347 427 180 1.04 1081 639 1.82 1.19 6020 1.57 1.32 135
EnoxE8 273 083 353 409 178 125 1229 624 1.89 1.17 5878 1.65 134 136
EnoxE9 281 076 329 426 182 060 12.16 644 1.88 122 5923 1.82 137 135
EnoxE10 295 098 339 418 185 076 11.77 648 1.84 1.18 59.31 1.69 137 1.35
EnoxEll 279 079 341 402 182 1.04 1153 629 190 1.17 5981 1.74 139 1.43
EnoxN1 228 030 3.11 446 166 153 11.10 671 139 1.56 6132 1.28 1.06 0.92
EnoxN2 217 032 3.00 413 160 155 1098 660 142 1.57 61.99 1.58 1.13 0.96
EnoxN3 221 023 3.07 406 161 194 11.11 654 140 1.57 61.60 1.77 1.11 0.95
EnoxN4 223 025 3.04 410 161 1.77 11.09 657 141 157 61.71 1.77 1.12 0.95
EnoxN5 222 028 3.06 419 162 170 11.07 661 141 1.57 61.66 1.60 1.11 095
EnoxRI 392 010 3.8 412 169 1.03 11.02 633 1.55 1.15 6033 2.12 0.90 137
EnoxR2 406 0.10 390 448 172 1.12 11.82 632 1.74 1.16 58.56 1.95 0.88 1.42
EnoxR3 411 0.1 393 433 172 114 1182 637 171 1.14 58.53 2.10 0.99 1.37
EnoxR4 204 018 131 210 061 072 982 611 1.90 0.54 70.14 1.91 0.63 1.96
EnoxR5 116 0.13 149 179 081 0.76 9.06 547 2.54 056 71.75 1.59 0.69 2.15
EnoxR6 404 037 396 211 1.19 036 898 1839 1.83 0.16 53.56 0.85 121 2.77
EnoxR7 084 008 1.17 076 007 238 792 486 1.89 0.06 7598 0.61 1.32 1.99
EnoxJFI 194 0.8 129 220 057 067 967 626 1.74 0.55 70.94 1.78 0.60 1.58
EnoxJF2 347 021 375 180 1.08 030 942 17.82 148 0.19 55.63 0.76 125 2.56
EnoxJF3 272 083 322 38 195 088 1055 687 1.52 1.66 61.12 2.08 1.28 1.40




Table S-2. Anticoagulant activity (AT III) of LMWH samples determined by competition SPR

Ell

Samples SPR Samples SPR Samples SPR Samples SPR
%ns"}f 100 Enox E1 106 Enox N1 107 Enox R7 75

Enox P1 91 Enox E2 96 Enox N2 108 Enox JF1 114

Enox P2 88 Enox E3 105 Enox N3 105 Enox JF2 83

Enox P3 77 Enox E4 97 Enox N4 98 Enox JF3 105

Enox P4 102 Enox E5 105 Enox N5 107

Enox P5 91 Enox E6 91 Enox R1 103

Enox C1 98 Enox E7 98 Enox R2 98

Enox C2 96 Enox ES8 103 Enox R3 104

Enox C3 92 Enox E9 97 Enox R4 118

Enox C4 106 %nloox 102 Enox R5 113

Enox C5 91 Enox 107 Enox R6 87
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Figure S1. The chromatographic profiles of enoxaparin N batch and enoxaparin standards (USP)
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Figure S2. The chromatographic profiles of enoxaparin E batch and enoxaparin standards (USP)
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Figure S3. The chromatographic profiles of enoxaparin C batch and enoxaparin standards (USP)
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Figure S4. The chromatographic profiles of enoxaparin P batch and enoxaparin standards (USP)
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Figure S5. The chromatographic profiles of enoxaparin from bovine lung (R6, JF2) and enoxaparin
standards (USP)
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Figure S6. The chromatographic profiles of enoxaparin R batch and enoxaparin standards (USP)
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Figure S7. The chromatographic profiles of ovine-sourced (R4, R5, JF1), bovine lung-sourced (R7)
enoxaparin and enoxaparin standards (USP)
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Figure S8. ECC of dp4-1, 4-2 and 3 of enoxaparins based on MHC-2DLC-MS results

A, 'D chromatogram of USP enoxaparin; B, ECCs of dp4-1 of USP, El, P1, P3, R4, R6 and R7; C, ECCs
of dp4-2 of USP, E1, P1, P3, R4, R6 and R7; D, ECCs of dp3 of USP, El1, P1, P3, R4, R6 and R7
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