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Supplemental Table 1: Calculation of heparin sodium percent monosaccharide from 2D *H-'*C
HSQC NMR integrated areas. The chemical shift value shown in parentheses are the signals
integrated to obtain peak areas. For illustrative purposes, the mean values obtained from the
integration of the spectra from seven lots of heparin sodium are shown.

Signals Integrated Crosspeaks (*H/">C chemical shifts) Mean
Volume (a.u.)
A-Ring-Cz ANS,GX(3-27/60-7 ppm)+ANs,35,6£E)3rhA;5/59.4 ppm)+ANAc,6X(3.92/56.5 253 + 20
A-Ring-Cg Ans6s(4.27-4.41/69.2 ppm)+Ans soH(3.85/62.4 ppm) 274 + 22
ANs-(G)(5.58/100.5 ppm)+AN5,35(5.52/99.0 ppm)+[AN5,65-
A-Ring-C; (125)+Anac-(G)](5.41/99.6 ppm)+Ans 6x-(1)(5.34/98.4 ppm)+ Ans- 285 + 26
aRed(5.44/94.0 ppm)
Mean A Mean of C,, Cs and C; Areas 272 £ 21
l2s-(Ans6x)(5.22/102.1 ppm)+1-(Ans6s)(5.01/105.0 ppm)+I-
U-Ring-C, (Ans)(4.95/104.7 ppm)+G-(Ans)(4.61/104.8 ppm)+G- 285 + 18
(Anac)(4.52/105.3 ppm)+G-(Ans,3s)(4.61/103.9 ppm)
% Monosacch. Calculation used
Ans 6x (Co) Ans 6s(4.27-4.41/69.2 ppm)+A-Ring-Cs
Ans soH (Ce) Ans 601(3.85/62.4 ppm)+A-Ring-Cs
Anss (C2) Ans 35(3.45/59.4 ppm)+A-Ring-C,
Anac (C2) Anac(3.92/56.5 ppm)+A-Ring-C,
Ans-oRed-Cy Ans-oRed(5.44/94.1 ppm)+A ring-C;
I2s IZS'(ANSGX)(522/1021 ppm)+U-Ring-C1
l20H I-(Ans 65)(5.01/105.0 ppm)+I1-(Ans)(4.95/104.7 ppm)+U-Ring-C,
GooH G-(ANs)(461/1048 ppm)+G-(ANAC)(452/1053 ppm)+G-(AN5,35)(4.61/103.9
ppm)-+U-Ring-C;
Linker (Cy) Xylose H1/C1(4.46/105.8 ppm)+{[U-Ring-C,+Mean A]+2}
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Supplemental Table 2: Calculation of heparin sodium percent disaccharide composition from
only anomeric (H1/C;) 2D *H-*C HSQC-NMR integrated areas. The chemical shift value shown
in parentheses are the signals integrated to obtain peak areas.

Signals Integrated Crosspeaks (*H/~C chemical shifts) Mean
Volume (a.u.)
Ans-(G)(5.58/100.5 ppm)+Ans 3s(5.52/99.0 ppm)+[Ans ss-
Dinn. (128)+ANAc-(G)](5.41/99.6 ppm)+Ans ex-(1)(5.34/98.4 ppm)+
A-Ring-C, Ans-aRed(3.44/94.0 ppm)5.34/98.4 ppm)+ Ans- 28526
aRed(5.44/94.1 ppm)
IZS'(ANS,SX)(5-22/102-1 ppm)+|-(ANsss)(501/1050 ppm)+|-
U-Ring-C, (Ans)(4.95/104.7 ppm)+G-(Ans)(4.61/104.8 ppm)+G- 285+ 18
(Anac)(4.52/105.3 ppm)+G-(Ans,3s.6x)(4.61/103.9 ppm)
%Disaccharide Calculation used
Ans 6x-(l25)+Anac-(G) [Ans ex-(128)+Anac-(G)](5.41/99.6 ppm)+A-Ring-C;
Ans 6x(l20H) Ans ox-(l2on) (5.34/98.4 ppm)+A-Ring-C;
Ans 6x-(G) Ans ex-(G)(5.58/100.5 ppm)=+A-Ring-C,
Ans 357(X) Ans 35(5.52/99.0 ppm)+A-Ring-C;
l25-(Ans 6x) los-(Ans 6x)(5.22/102.1 ppm)<U-Ring-C;
l20n-(Ans) loon-(Ans,65)(5.01/105.0 ppm)+U-Ring-C;
G2om-(Ans) G2on-(Ans)(4.61/104.8 ppm)+U-Ring-C;
G2om-(Ans 35) Gaon-(Ans.3s)(4.61/103.9 ppm)+U-Ring-Cy
Gaom-(Anac) Goon-(Anac)(4.52/105.3 ppm)=+U-Ring-Cy
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Supplemental Table 3: Calculation of percent monosaccharide in dalteparin from 2D *H-*C
HSQC NMR integrated cross-peak volumes. The chemical shift values in parentheses are the
signals integrated. For illustrative purposes, the mean values obtained from the integration of the
spectra from three lots of dalteparin are shown.

Signals Integrated Crosspeaks (*H/**C chemical shifts) Mean
Volume
(a.u.)
A ring-Cz ANSGX(328/6O7 ppm)+AN5,35,6X(3.46/59.4 ppm)+ANAC,6X(3.94/56.6 41 +2
ppm)+AM.olsx(3.99/85.8 ppm)+Epo-1(3.74/54.2 ppm)
A ring-Cs Ans6s(4.27-4.39/69.2 ppm)+Ans(3.87/62.5 ppm) 50+4
ANs-(G)(558/1003 ppm)+AN335(548/990 ppm)"'[ANs,ss-
A ring-C, (I2s)+Anac-(G)](5.39/99.4 ppm)+Ans ex-(1)(5.34/98.2 58+2
ppm)+AM.0lgx(3.69-3.74/63.6 ppm)
Avg. A ring Average of Cg, Crand C; Areas 50+ 2
U/I/G-Rlng IZS'(ANSGX)(524/1020 ppm)+|20H-(AN3‘53)(5.01/104.8 ppm)+ loon-
Area-Cy (ANS)(491/1045 ppm)+GZOH-(ANS,35)(4.61/103.8 ppm)+G20H- 58 +2
(Ans)(4.60/104.6 ppm)+Gaon-(Anac)(4.54/105.0 ppm)
% Monosacc. Calculation Used
Ans 65-Co Ans 6s(4.27-4.39/68.8 ppm)+A ring-Cs
Ans,s0H-Co Anss0H(3.87/62.5 ppm)=+A ring-Cq
Ans,3s,6x-C2 Ans 35,6x(3.46/59.4 ppm)+A ring-C,
Anac-C2 Anac(3.94/56.6 ppm)+Avg. A-C,
AM.0lsx-C> AM.0lgx(3.99/85.8 ppm)=+A ring-C
AM.olgon-Cx {[[AM.olgon-C4(4.24/88.3 ppm)+(AM.0lson(4.24/88.3 ppm)-Cys+AM.0lgs-
C4(4.18/87.4 ppm))]+ [AM.0lgon-Cs5(4.08/84.4 ppm)~+(AM.0lgon-Cs+AM.0lss-
C5(4.27/82.2 ppm))]}+2°[AM.0lsx(3.99/85.8 ppm)+A ring-C;]
I2s-Cy |25(524/1020 ppm)—U Rlng C,
l201-C1 [1201-(Ans,ss)( 5.01/104.8 ppm)+loon-(Ans)(4.91/104.5 ppm)]+U Ring C,
G2on-C1 [Gon-(ANs)(4.60/104.6 ppm)+GZOH-(ANS,35)(4.61/103.8 ppm)+Gon-
(Anac)(4.54/105.0 ppm)]+U Ring C,
Epo-I-C; Epo-1(3.74/54.2 ppm)=A ring-C,
Link(ér-Xyl- Xyl(4.46/105.7 ppm)<U-Ring C;
1
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Supplemental Table 4: Calculation of dalteparin percent disaccharide composition based on 2D
'H-BC HSQC-NMR H/C; cross-peak integrated volumes. The chemical shift value shown in
parentheses are the signals integrated to obtain volumes.

Signals Integrated Crosspeaks (*H/®C chemical shifts) Mean
Volume
(a.u.)

ANs-(G)(5.58/100.3 ppm)+AN5,3s,6x(5.48/99.0 ppm)+[AN5,65-
Aring-C; (l2s)+Anac-(G)](5.39/99.4 ppm)+Ans 6x-(1)(5.34/98.2 ppm)+ 58 +2
AM.0l6x(3.69-3.74/63.6 ppm)

l2s-(Ans 6x)(5.24/102.0 ppm)+lo04-(Ans,6s)(5.01/104.8 ppm)+
IZOH'(ANS)(4-91/104-5 ppm)+GZOH-(ANs,33)(4.61/103.8

U/l/G-Ring Area-C, ppmM)+Gaon-(Ans)(4.60/104.6 ppm)+Gaon-(Anac)(4.54/105.0

58 +2

ppm)
Disaccharide Calculation used
Ans 6x-(l2s)+Anac-(G) [Ans ex-(125)+Anac-(G)](5.39/99.4 ppm)+A-Ring-C;
Ans 6x-(120H) Ans 6x-(l201) (5.34/98.2 ppm)+A-Ring-C;
Ans 6x-(G) Ans 6x-(G)(5.58/100.3 ppm)+A-Ring-C;
Ans 3s,6x-(X) Ans 35,6x(5.48/99.0 ppm)+A-Ring-C;
l25-(Ans,65) l2s-(Ans 6x)(5.24/102.0 ppm)+U-Ring-Cy
l20n-(Ans 65) loor-(Ans,6s)(5.01/104.8 ppm)+U-Ring-C;
l20H-(Ans 60H) loor-(Ans,s0n) (4.91/104.5 ppm)=+U-Ring-C;
G2om-(Ans) Gaor-(Ans)(4.60/104.6 ppm)+U-Ring-C;
Goom-(Ans 35) Gaor-(Ans 3s)(4.61/103.9 ppm)+U-Ring-Cy

Gaon-(Anac) Gaon-(Anac)(4.52/105.3 ppm)=+U-Ring-C;
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Supplemental Table 5: Calculation of percent monosaccharide in tinzaparin from 2D *H-*C

HSQC NMR cross-peak integrated volumes. The chemical shift values in parentheses are the
signals integrated. For illustrative purposes, the mean values obtained from the integration of the
spectra from three lots of tinzaparin are shown.

Signals Integrated Crosspeaks (*H/*>C chemical shifts) Mean
Volume
(a.u.)
A ring-Cg ANSGX(328/607 ppm)+ANs3SGSE)3m4)-5/595 ppm)+ANAC,6X(3.93/56.6 38 + 1
A ring-C6 AN5’65(4.26-4.38/69.1 ppm)+ANs(386/625 ppm) 50 +2
Ans-(G)(5.58/100.4 ppm)+Ans 3s 6x(5.49/100.4 ppm)+[Ans 6s-
A ring-C; (I28)+ANAc-(G)](5.39/99.6 ppm)+Ans sx-(1)(5.34/98.2 ppm)+Ans- 55 + 2
aRed(5.44/93.9 ppm)+Anac-aRed(5.20/93.5 ppm)+Ans-
BRed(4.71/98.5 ppm)
Avg. A ring Average of C,, Cs and C; Areas 51+1
AU55(5.50/100.1 ppm)+1as-(Ans,ex) (5.23/102.0 ppm)+la0n-
U/1/G-Ring (Ans,6s)(5.02/104.8 ppm)+la0n-(Ans)(4.95/104.6 ppm)+Gaon- 58 + 1
Area-Cq (AN535)(462/1039 ppm)+GZOH-(AN5)(4.60/104.7 ppm)+GZOH- -
(Anac)(4.51/105.1 ppm)
%IMonosacc. Calculation Used
Ans 65-Cs Ans os(4.26-4.38/69.1 ppm)+A ring-Cs
ANS,GOH‘CG AN360H(385/624 ppm)—A ring-CG
ANS,3S'C2 ANS,3S,6X(3-45/59-4 ppm)—A ring'CZ
Anac-C2 Anac(3.93/56.6 ppm)+ A ring-C,
Ans-oRed-Cy Ans-aRed(5.44/93.9 ppm)+A ring-C;
Anac-oRed-Cq Anac-oRed(5.20/93.5 ppm)+A ring-C;
Ans-BRed-Cy Ans-PRed(4.71/98.5 ppm)+A ring-C,
l2s-C1 |25(523/1020 ppm)—U Rlng Cy
loon-Cq [IZOH'(ANS,GS)(5-02/104-8 ppm)+|20H-(AN5)(4.95/104.6 ppm)]
Goon-C1 GZOH'(ANS,3S)(4-62/103-9 ppm)+GQOH-(AN3)(460/1047 ppm)+GZOH-
(Anac)(4.51/105.1 ppm)
AU,s-C1 AU, C1(5.50/100.1 ppm)+U-Ring C;
Linker-Xyl-C, Xyl (4.48/105.4 ppm)=U-Ring C;
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Supplemental Table 6: Calculation of tinzaparin disaccharide composition based on 2D *H-*C

HSQC NMR H3/C; cross-peak integrated volumes. The chemical shift value shown in
parentheses are the signals integrated to obtain volumes.

Signals Integrated Crosspeaks (‘H/°C chemical shifts) Mean
Volume
(a.u.
ANs-(G)(558/1004 ppm)+AN5,3S,6x(5.49/99.1 ppm)+[AN5,65-
A-Ring-C: (Is)*+Anac-(G)](5.39/99.6 ppm)-+Ans ex-(1)(5.34/98.2 56 1 9
(n=3) ppM)+Ans-aRed(3.44/93.9 ppm)+Anac-aRed(5.20/93.5 *
ppm)+Ans-BRed(4.71/98.5 ppm)
AU»5(5.50/100.1 ppm)+ los-(Ans6x)(5.23/102.0 ppm)+l0n-
U/I/G-Ring-C1 (ANSGS)(502/1048 ppm)+|20H-(AN3)(4.95/104.6 58 + 1
(n=3) ppmM)+G2on-(Ans 35)(4.62/103.9 ppm)+Goop- -

(Ans)(4.60/104.7 ppm)+Goon-(Anac)(4.51/105.1 ppm)

%Disaccharide

Calculation used

Ans ex-(125)+Anac-(G)

[ANS,GX‘(|23)+ANAc'(G)](5-39/99-6 ppm)+A-Ring-C1

Ans 6x-(l20H)

Ans 6x-(l201)(5.34/98.2 ppm)+A-Ring-C;

Ans 6x-(G) Ans 6x-(G)(5.58/100.4 ppm)+A-Ring-C;
Ans 3s,6x(X) Ans 35.6x(5.49/99.1 ppm)+A-Ring-C;
l2s-(Ans65) l2s-(Ans 6x)(5.23/102.0 ppm)<+U-Ring-Cy

l20H-(Ans 65)

l201-(Ans 6s)(5.02/104.8 ppm)+U-Ring-C,

l20H-(Ans,60H)

IZOH'(ANS,GOH)(4-95/1O4-6 ppm)+U-Ring-C1

Gaon-(Ans)

GZOH'(ANS)(46O/1O47 ppm)+U-Ring-C1

Goon-(Ans,3s)

GZOH'(ANS,3S)(4-62/103-9 ppm)+U-Ring-C1

GaoH-(Anac)

GZOH'(ANAc)(4.51/105.1 ppm)+U-Ring-C1

AUzs-(A)

AU,5(5.50/100.1 ppm)+U-Ring-C;
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Supplemental Table 7: Calculation of percent monosaccharide composition of enoxaparin from

2D *H-C HSQC NMR cross peak integrated volumes. The chemical shift values in parentheses
are the signals integrated. For illustrative purposes, the mean values obtained from the
integration of the spectra from four lots of enoxaparin are shown.

Signals Integrated Crosspeaks (‘*H/°C chemical shifts) Mean
ANSGX(328/607 ppm)+AN5,35,6X(3.46/59.4 ppm)+ANAC,6X(3.92/56.5 ppm)+1,6-
A ring-C, an.A(3.21/58.3 ppm)+1,6-an.M(3.46/55.0 ppm)+Mys-aRed(3.61/60.2 40+£3
ppm)+Epo-1(3.73/54.2 ppm)
. A 4.28-4. .1 ppm)+Ans(3. 2. m)+1,6-an.A(3.78/67.4
g, | AT ) Al LSS AGTITE |7
ANs-(G)(556/1004 ppm)+ANs,3S‘6X(5.48/99.O ppm)+[ANs,55-(|25)+ANAC-
A ting-C (G)](5.37/99.6 ppm)+Ans ex-(1)(5.34/98.2 ppm)+1,6-an.A(5.61/104.1 -
ppm)+1,6-an.M(5.56/103.7 ppm)+Mpys-aRed(5.39/95.6 ppm)+Ans-
aRed(5.44/93.9 ppm)+Anac-aRed(5.20/93.4 ppm)+Ans-BRed(4.71/98.5 ppm)
A;/i?]'gA Average of C,, Cg and C; Areas 52+ 4
AU»5(5.50/100.1 ppm)+AU,0n(5.16/103.7 ppm)+los-(Ans 6x)(5.22/102.0
U/1IG- ppmM)+l204-(Ans 6s)(5.00/104.8 ppm)+laon-(Ans)(4.94/104.5 ppm)+Gas-
ring (Ans)(4.73/102.9 ppm)+Gaon-(Ans 3s)(4.61/103.8 ppm)+Goon-(Ans)(4.60/104.6 | 61 £5
Area-C; ppmM)+G2on-(Anac)(4.51/105.0 ppm)+Il,s-BRed (4.99/94.6 ppm)+l,s-aRed
(5.42/95.4 ppm)
% Monosac. Calculation Used
Ans 65-Cs Ans ss(4.28-4.38/69.1 ppm)+A ring-Cs
Ans s0r-Cé Ans s0H(3.85/62.4 ppm)=A ring-Cs
Ans3s-C2 Ans 3s.6x(3.46/59.4 ppm)=A ring-C,
Anac-C2 Anacox(3.92/56.5 ppm)=+A ring-C,
Ans-aRed-Cy Ans-oRed(5.44/93.9 ppm)+A ring-C;
Anac-oRed-Cq Anac-oRed(5.20/93.4 ppm)+A ring-C;
Ans-BRed-Cy Ans-PRed(4.71/98.5 ppm)+A ring-C,
Mns-aRed-Cy Mns-aRed(5.39/95.6 ppm)=+A ring-Cy
1,6-an.A-Cy 1,6-an.A(5.61/104.1 ppm)=A ring-C;
1,6-an.M-C, 1,6-an.M(5.56/103.7 ppm)=+A ring-C;
l2s-C1 155(5.22/102.0 ppm)+U Ring C;
laon-C1 [laon-(Ans,65)(5.00/104.8 ppm)+loon-(Ans)(4.94/104.5 ppm)]+U-Ring C,
Gas-Cy Gas-(Ans)(4.73/102.9 ppm)+U-Ring C,
Goon-C1 GQOH-(ANsygs)(4.61/103.8 ppm)+G20H-(ANs)(460/1046 ppm)+GZOH-
(Anac)(4.51/105.0 ppm) +U-Ring C;
AU,s-C1 AU,s C1(5.50/100.1 ppm)+U-Ring C;
AUz04-Cy AU04(5.16/103.7 ppm)+U-Ring C;
l25-BRed-Cy I,s-BRed (4.99/94.6 ppm)+U-Ring C;
l2s-aRed-Cq I,s-oRed (5.42/95.4 ppm)+U-Ring C;
Epo-I-C; Epo-1(3.73/54.2 ppm)=+A ring-C,
GalA-Cs GalA(4.66/74.4 ppm)+Avg. A-ring
Linker-Xyl-Cy Xyl (4.44/105.6 ppm)=U-Ring C;
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Supplemental Table 8: Calculation of enoxaparin percent disaccharide composition in the USP

enoxaparin standard based on 2D *H-**C HSQC NMR H,/C; cross-peak integrated volumes. The
chemical shift value shown in parentheses are the signals integrated to obtain volumes.

Signals Integrated Crosspeaks (‘H/**C chemical shifts) Int. Area
ANs-(G)(5.56/100.4 ppm)+ANs,33,5X(5.48/99.0 ppm)+[ANs,65-
ARING.C (Ias)*+Anac-(G)](5.37/99.6 ppm)+Ans ex-(1)(5.34/98.2 ppm)+1,6-
(n_g) 1 an.A(5.61/104.1 ppm)+1,6-an.M(5.56/103.7 ppm)+Mps- 59+5
a aRed(5.39/95.6 ppm)+Ans-aRed(5.44/93.9 ppm)+Anac-
aRed(5.20/93.4 ppm)+Ans-fRed(4.71/98.5 ppm)
AU23(550/1001 ppm)+AU20H(516/1037 ppm)+|zs-
U/I/G-Ring- (Ans,6x)(5.22/102.0 ppm)+l204-(Ans,6s)(5.00/104.8 ppm)+loon-
C (Ans)(4.94/104.5 ppm)+ Gas-(Ans)(4.73/102.9 ppm)+Gaon- 6145
(n:14) (Ans35)(4.61/103.8 ppm)+G2on-(Ans)(4.60/104.6 ppm)+Gaon- -
(ANAC)(451/1050 ppm)+lgs-BRed (499/946 ppm)+I25-aRed
(5.42/95.4 ppm),s-BRed (4.59/104.7 ppm)+los-aRed (5.42/95.4 ppm)
%Disaccharide Calculation used
Ans 6x-(l25)*Anac-(G) [Ans ex-(l2s)+Anac-(G)1(5.37/99.6 ppm)+A-Ring-Cy
Ans 6x-(l20H) Ans 6x-(l201) (5.34/98.2 ppm)+A-Ring-C;
Ans 6x-(G) Ans 6x-(G)(5.56/100.4 ppm)+A-Ring-C;
Ans 3s,6x-(X) Ans 35,6x(5.48/99.0 ppm)+A-Ring-C;
l2s-(Ans 6s) l2s-(Ans 6x)(5.22/102.0 ppm)+U-Ring-Cy
l20H-(Ans 6s) loor-(Ans,65)(5.00/104.8 ppm)+U-Ring-C;
l20H-(Ans,60H) loon-(Ans son) (4.94/104.5 ppm)=+U-Ring-C;
Gas-(Ans) Gas-(Ans)(4.73/102.9 ppm)+U-Ring C;
G2oH-(Ans) Gaon-(Ans) (4.60/104.6 ppm)=U-Ring-C;,
Goon-(Ans,as) G2on-(Ans.3s)(4.61/103.8 ppm)+U-Ring-C;
AUs-(A) AU,5(5.50/100.1 ppm)+U-Ring-C;
AUzon-(A) AU,014(5.16/103.7 ppm)+U-Ring-C;
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Supplemental Table 9: Comparison of integrated 2D-HSQC volumes acquired with different
parameters on the same sample. The values are the integrated volume of each signal divided by
the comparison spectrum. In the case of the signal to noise comparison all volumes were
normalized to the volume obtained with the 2.7 h experiment. For the relaxation delay
comparison all values were divided by the values obtained in the 10.9 h experiment.

Signal Integrated Signal-to-Noise Comparison

Relaxation Delay
Comparison (nt=32)

Parameter Altered—> d1=12.6/1.5 nt=32/8 nt=16/8 nt=8/8
Experiment Time Ratio> 68.3/10.9 h 10.9/2.7 h 5.4/2.7 h 2.712.7 h
Anacex-C2 1.32 4.41 2.13 1.00
Ans 3sex-C2 1.57 3.90 1.79 1.00
Ansex-C2 1.30 3.79 1.97 1.00
Ans soH-C6 1.13 3.74 1.93 1.00
Ans.6s-C6 1.50 3.95 2.04 1.00
Ans-aRed-C1 1.55 4.70 1.90 1.00
Ans ex-l20n-C1 1.56 4.14 2.02 1.00
Ans ss-12stAnac-G-C1 1.62 3.92 2.03 1.00
Ans-G-C1 1.38 4.70 2.27 1.00
Ans 3s65-Cl 1.49 4.13 2.01 1.00
l2s-Ans 6x-C1 1.36 3.98 2.04 1.00
loon-Ans 6s-C1 1.36 3.62 1.88 1.00
l,on-Ans-Cl 1.56 3.28 1.74 1.00
Gaon-Ans 3s 65-C1 1.53 3.67 1.93 1.00
Goon-Anac-Cl 1.55 4.29 2.17 1.00
Goon-Ans-C1 1.53 3.88 2.01 1.00
Anac-Methyl 1.64 3.59 1.75 1.00
Xyl-Linker-C1 1.71 3.61 1.88 1.00
Mean (n=18) 1.48 3.96 1.97

Standard Deviation 0.14 0.38 0.14

%RSD 9.7% 9.7% 7.1%




