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The application of capillary electrophoresis to total
compositional analysis of heparin and low-molecular-
weight heparin samples has been studied. Optimum res-
olution of 17 defined oligosaccharides was obtained
with the buffer system composed of 10 mM sodium bo-
rate and 50 mM sodium dodecyl sulfate at pH 8.81 and
at a constant voltage of 20 kV. The ratio of oligosaccha-
ride charge to the number of saccharide residues corre-
lated with the migration time. For oligosaccharides
having the same charge to saccharide ratio, the larger
of the oligosaccharides eluted earlier. A hexasacchar-
ide, having a 3-O-sulfated glucosamine residue at the
reducing end and arising from heparin’s antithrombin
III binding site, migrated in an unusual fashion. The
limit of oligosaccharide detection was from 600 fmol to
1 pmol. Quantitative analysis could conveniently be
performed on 10 pmol of an oligosaccharide sample. Oli-
gosaccharide composition using capillary electrophore-
sis was obtained by nearly complete depolymerization
of heparins with a mixture of heparin lyase I, II, and III.
The analysis resulted in 95% mass balance for both hep-
arin and low-molecular-weight heparin. Capillary elec-
tropherograms of heparin and different low-molecular-
weight heparins depolymerized with heparin lyase I
alone showed a high level of structural heterogeneity in
the products formed. The oligosaccharide maps thus ob-
tained might find use in fingerprinting the heparin and
low-molecular-weight samples. © 1893 Academic Press, Inc.

Heparin is a polydisperse [M, 5000-40,000, M, (av)
14,000 (1)], highly sulfated, microheterogeneous, alter-
nating copolymer of 1 — 4 linked 2-deoxy-2-aminoglu-
copyranose and hexuronic acid (idopyranosyluronic or
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glucopyranosyluronic acid) residues. Although heparin
has been in use as an anticoagulant for the past five
decades (2), its structure has not yet been fully eluci-
dated. While heparin is in widespread clinical use, it has
also been cited as the drug most responsible for death in
otherwise healthy patients. Attention has been focused
on low-molecular-weight (LMW)? heparins as heparin
substitutes due to their more predictable pharmacologi-
cal action, reduced side effects, sustained antithrom-
botic activity, and better bioavailability (3). However,
the LMW heparins are derived from heparin and hence
are polydisperse and microheterogeneous, with unde-
fined structure. In addition, the numerous synthetic
methods for preparing these LMW heparins lead to ad-
ditional structural complexity (4).

Several techniques have been investigated for the
analysis of heparin preparations. Gradient polyacryl-
amide gel electrophoresis (PAGE) (5) and strong anion
exchange-HPLC (6) have been the methods of choice
for the qualitative and quantitative analysis of heparin
preparations due to the versatility and ease of their ap-
plication. The gradient PAGE method while useful in
determining molecular weight (5) suffers from a lack of
resolution particularly of different oligosaccharides
having identical size. SAX-HPLC, relying on detection
by ultraviolet absorbance, is often insufficiently sensi-
tive for the detection of miniscule amounts of struc-
turally important heparin-derived oligosaccharides.

Recently, capillary electrophoresis (CE) has been in-
troduced as a very sensitive method with high resolving
power for the analysis of complex mixtures of peptides

3 Abbreviations used: CE, capillary electrophoresis; LMW, low mo-
lecular weight; AUAp, 4-deoxy-a-L-threo-hex-4-enopyranosyluronic
acid; S, sulfate; GlcNp, 2-deoxy-2-aminoglucopyranose; GleNp2Ac,
2-deoxy-2-acetamidoglucopyranose; SAX, strong anion exchange;
HPLC, high-performance liquid chromatography; SDS, sodium do-
decyl sulfate; PAGE, polyacrylamide gel electrophoresis; ATIII, an-
tithrombin 1L
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and nucleotides (7,8). The use of CE in microprepara-
tive mode has also been demonstrated (9). A number of
workers have investigated the use of CE in the disaccha-
ride compositional analysis of heparin, heparan sulfate
(10,11), and chondroitin sulfate (12,13). The total oligo-
saccharide compositional analysis of heparins by capil-
lary electrophoresis has the potential of detecting subtle
changes in heparin structure that can influence its bio-
logical activity. This paper describes the application of
CE for qualitative and quantitative oligosaccharide
compositional analysis of heparin and low-molecular-
weight heparins.

MATERIALS AND METHODS
Materials

The heparin disaccharides 1—8 were obtained from
Grampian Enzymes (Aberdeen, Scotland). The oligosac-
charides 10-17 were prepared by enzymatic depoly-
merization of heparin (4,14-16) followed by their isola-
tion by semipreparative SAX-HPLC (Fig. 1). Heparin
lyase I (heparinase, EC 4.2.2.7), heparin lyase II (hepar-
itinase II, no assigned EC number), and heparin lyase
III (heparitinase I, EC 4.2.2.8) were prepared by heparin
induced fermentation of Flavobacterium heparinum in
our laboratory and purified to homogeneity (17). The
enzymatic activity of the three lyases were tested using
heparin and heparan sulfate as their primary sub-
strates. Heparin lyase I had an activity of 130 IU/mg
against heparin, heparin lyase II had an activity of 19
IU/mg and 36.5 IU/mg against heparin and heparan
sulfate, respectively, and heparin lyase III had 63.5 IU/
mg activity against heparan sulfate. These enzymes are
also commercially available from Seikagaku American
(Rockville, MD) and Sigma Chemical (St. Louis, MO).
Oligosaccharide mapping studies performed on heparin
and heparan sulfate indicate that the various commer-
cial enzymes are catalytically identical to the pure en-
zymes used in this study (17,25).

Porcine intestinal heparin (sodium salt, 145 USP U/
mg) was from Hepar (Franklin, OH). LMW hepa-
rins Fraxiparine (CY216) (Choay Laboratories, Paris,
France), Fragmin (KABI2165) (KabiVitrum, Stock-
holm, Sweden), Fluxum (OP2123) (Opocrin, Corlo,
Italy), Sandoparin (CH8140) (Sandoz Pharmaceuti-
cals), Logiparin (LHN-1) (Novo Industries, Franklin,
OH), and Enoxaparin (PK10169) (Pharmuka Laborato-
ries, Gennevilliers, France) were a gift from Dr. J. Far-
eed (Loyola University Medical Center, Maywood, IL).
Sodium borate (decahydrate, 99%) was from Fisher Sci-
entific (Fair Lawn, NJ), boric acid (electrophoresis
grade) was from Mallinckrodt (Paris, KY), and sodium
dodecyl sulfate (99%) was from BDH Chemicals (Poole,
England). Formamide (99%) was obtained from EM
Science (Gibbstown, NJ). Sodium hydroxide pellets, hy-
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drochloric acid solution (1 N), and phosphoric acid
(85%) were from Mallinkrodt (Paris, KY).

Capillary electrophoresis was performed using a
Dionex capillary electrophoresis system with advanced
computer interface, Model I, equipped with high-volt-
age power supply capable of constant or gradient volt-
age control from Dionex Corporation (Sunnyvale, CA).
The uncoated silica capillaries (75 or 50 um internal
diameter, 69 cm total length) were from Dionex. Ultravi-
olet spectroscopy was performed using a Shimadzu UV-
160 spectrophotometer. The pH measurements were
obtained on Beckmann $40 pH meter and calibrated
using standard buffer solutions (pH 7.0 and 10.0) from
Fisher Scientific (Fair Lawn, NJ).

Preparation of Oligosaccharide Standard Solution

The disaccharide standards 1-—8 are available in
small amounts not suitable for accurate weighing, which
makes the preparation of equimolar solution of these
disaccharides difficult. The extinction coefficient of the
unsaturated uronic acid (AUAp) chromophore (A, =
232 nm) at the nonreducing end in 0.03 M hydrochloric
acid solution is 5500 mol™' cm™! (14). For the purpose of
CE analysis, an approximate equimolar solution of di-
saccharides in deionized, distilled water was prepared
using nearly equal absorbance (~0.01 AU) at 232 nm.
The oligosaccharide standard solution was prepared by
mixing appropriate oligosaccharides (1—-17), obtained
by enzymatic depolymerization. This standard oligosac-
charide solution was stored frozen at —70°C.

Depolymerization of Heparin and Low-Molecular-
Weight Heparins

A stock solution of the heparin or LMW heparin (20
mg/ml) was prepared in deionized, distilled water. Hepa-
rin lyase I, heparin lyase II, and heparin lyase III were
each added (25 mU/mg of substrate) to a solution of
substrate in 5 mM sodium phosphate buffer (500 ul/mg
of substrate) at pH 7.1 containing 200 mM sodium chlo-
ride for 16 h at 30°C. A time of 16 h was found sufficient
for the nearly complete depolymerization of heparin to
disaccharides. The depolymerized samples were freeze-
dried and reconstituted in deionized, distilled water at a
concentration of 2 ug/ul.

Heparin lyase I was also used separately under the
same conditions in oligosaccharide mapping experi-
ments to prepare product mixtures containing higher
oligosaccharides including many of the tetrasaccharides
and hexasaccharides contained in the oligosaccharide
standard solution (above).

CE Analysis of Oligosaccharides

The resolution of oligosaccharides was carried out us-
ing a fused silica (externally coated except where the
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FIG. 1.

tube passed through the detector) capillary. A new capil-
lary was activated by manually washing with 0.1 M phos-
phoric acid (500 yl), 0.5 M sodium hydroxide (1 ml), dis-
tilled water (500 ul, pH 5.5), and the buffer (500 ul)
before use. The sample was injected using hydrostatic
pressure (45-mm head height, 25-s injection period) to
give 14.6 nl total volume of injected solution. The elec-
trophoresis was performed using constant voltage or a
linear voltage gradient. Cooling was achieved by nitro-
gen gas flow from a compressed gas cylinder (100 psi)
through a nylon tube (3 mm internal diameter)
surrounding the capillary column (375 um outer diame-
ter). The detection system consisted of a variable-wave-
length ultraviolet detector operating at 232 nm. The
analysis of data was performed using the software pack-

Structures of heparin-derived disaccharides and oligosaccharides 1-17.

age from Dionex. For quantitation, baseline was forced
at the beginning and at the end of each recognizable
peak. The interrun variation in migration time was less
than 2%. The interday variation in migration time was
approximately 5-10%.

RESULTS AND DISCUSSION

The disaccharide AUAp2S(1—4)-a-D-GlcNp2S6S
(1) is obtained from the major disaccharide sequence
within the heparin polymer and has one of the highest
charge to saccharide ratios (¢/s = 2) among the various
oligosaccharides derived from heparin. The use of 10
mM sodium borate and 50 mM boric acid buffer at pH 8.8
(10) leads to considerable peak tailing and variation in
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retention time of this disaccharide. Preliminary experi-
ments suggested that the peak shape of disaccharide 1
(the major disaccharide component in heparin) is cru-
cial for quantitative analysis. By adding sodium dodecyl
sulfate to the buffer (12), the tailing of disaccharide
peak 1 was reduced. Similarly, tailing of 2, 4, and 8 and
fronting of peak 5 were also significantly reduced. Varia-
tion in pH of this buffer system did not help eliminate
peak broadening of disaccharide 1. With the slow linear
voltage gradients (12 to 25 kV in 30 min), peak tailing of
all components was observed, whereas steep linear gra-
dients (14 to 20 kV in 20 min) led to loss of resolution for
disaccharides 4, 6, and 7. The best resolution was
achieved with a gradient of 16 to 20 kV volts in 20 min
(data not shown). However, the voltage gradient led to a
gradient in current flowing through the capillary, re-
sulting in a steady baseline drift. For quantitative pur-
poses, a constant voltage of 20 kV was found optimum.
Organic additives have been reported to increase the
resolution of peptides (18). When additives such as
methanol (1-10%, v/v), acetonitrile (1-6%, v/v), and
ethylene glycol (1-3%, v/v) were evaluated, either the
resolution was completely lost or multiple peak
shoulders were observed (data not shown). The addition
of organic solvents may promote the resolution of
various conformational isomers of unsaturated uronic
acid residue or of configurational isomers. Formamide
is one of the few solvents in which highly charged mole-
cules such as 1—17 are soluble and hence was chosen as
a buffer additive. Best resolution was observed at a con-
tant voltage of 20 kV (not shown) at pH 8.8 in the pres-
ence of 6% (v/v) formamide. Not only were disaccha-
rides 2, 3, and 5 resolved, but baseline resolution was
also observed for disaccharides 4 and 6. While the pres-
ence of formamide in the buffer sharpened the peaks, it
also increased both the baseline absorbance and noise.
In addition, solutions prepared in water gave a sharp,
intense peak ascribable to the buffer front peak at about
5 min, although preparation of sample buffer containing
formamide partially eliminated this artifact.

Identification and Quantification of Oligosaccharides

Since the voltage gradients or the additives did not
provide significantly higher resolution, all further ex-
periments were carried out using 10 mM sodium borate
buffer containing 50 mM sodium dodecy! sulfate at pH
8.81 and at a constant voltage of 20 kV with forced cool-
ing. The retention time of oligosaccharides is dependent
upon the electroosmotic flow through the capillary. The
electroosmotic flow varies with the ionic strength of the
buffer and the solute concentration. Hence, the identifi-
cation of oligosaccharides was carried out by sequen-
tially adding each oligosaccharide to the disaccharide
mixture 1-8 and noting the appearance of a new peak.
Starting with the disaccharide mixture 1-8 (Fig. 2A),
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FIG. 2. Optimized capillary electropherograms of disaccharide
mixture 1-8 (A) and oligosaccharide mixture 1—17 (B) using 10 mM
sodium borate + 50 mM SDS at pH 8.81 under constant voltage of
20,130 V with forced cooling. Inset shows the resolution achieved for
disaccharides 4, 6, and 7. Unidentified peaks are marked as “x.”

oligosaccharides 13, 16, 11, and 9 could be readily
identified (Fig. 2B). Oligosaccharides 10, 12, 14, and
17 were identified in a separate experiment which ex-
cluded other oligosaccharides. It should be mentioned
that the isolation of higher oligosaccharides at purities
greater than 95% is difficult (4,6,14-16) and hence these
oligosaccharide samples were typically contaminated.
In addition, the anomeric forms (« and 8) of oligosaccha-
ride-reducing ends, which may be resolvable on CE,
might add a further complication. The a-anomer of hep-
arin oligosaccharides, however, is predominant (>90%)
and for quantitation by CE, anomerization is not a ma-
jor problem. The separation of higher oligosaccharides
by capillary electrophoresis had been difficult because
of their tendency to comigrate at nearly identical posi-
tions in the electropherograms (10). The buffer system
described here results in the improved resolution neces-
sary to fractionate these higher oligosaccharides. It
should be noted that at pH 8.81 all the acidic groups in
these oligosaccharides are ionized. The main mode of
separation is zone electrophoresis while miceller electro-
phoresis, resulting from the addition of sodium dodecyl
sulfate, is an auxillary mode of separation.

The migration times of the oligosaccharides can be
correiated with the ratio of total negative charge on the
molecule to the number of saccharide residues (¢/s) (Ta-
ble 1). Although the uronic acid and glucosamine resi-
dues are known to exhibit numerous conformational
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TABLE 1

Compositional Analysis by Capillary Electrophoresis of Heparin and Low-Molecular-Weight Heparins Treated
with a Mixture of Heparin Lyase I, I1, and I1I*

Heparin or LMW heparin

No. MT* Oligos. c/s Heparin Fraxiparine Fluxum Fragmin Sandoparin Enoxaparin Logiparin
1 7.16 8 0.50 0.4° nd’ nd nd nd nd 0.03
2 9.90 7 1.00 ngf nd nd ng 1.4 04 0.2
3 10.02 (] 1.00 0.5 0.5 0.5 0.4 0.6 nd 0.2
4 10.29 4 1.00 0.5 0.5 nd 0.3 0.3 0.3 0.3
5 14.24 5] 1.50 1.9 2.0 nd 19 1.7 1.5 1.5
6 15.00 3 1.50 2.3 4.6 0.8 nd 08 1.8 4.0
7 15.45 2 1.50 5.1 9.5 21.7 3.7 2.4 5.6 0.4
8 16.41 16 1.50 0.7 1.1 nd nq 1.2 0.3 nd
9 17.67 10 1.50 nd 0.5 nd 0.4 0.9 0.2 0.1

10 18.12 12 1.50 nd 0.4 nd 1.1 0.3 0.5 nd
11 18.74 11 1.75 0.2 0.8 nq 0.8 0.2 0.6 0.5
12 19.43 9 1.75 0.2 0.3 nd 0.5 0.9 04 0.2
13 20.30 14 1.75 nd 0.4 0.3 0.5 nr® nr nr
14 20.48 17 1.75 0.2 0.3 0.8 0.1 04 0.3 0.9
15 20.94 15 2.00 nd 1.0 nq 0.2 5.8 0.5 nd
16 21.89 13 2.00 1.0 2.8 2.3 11.4 1.3 35 3.4
17 23.01 1 2.00 86.8 744 73.4 77.4 78.8 84.0 88.2

18 — u’ — 0.2 0.9 0.3 1.3 3.1 0.1 0.3

¢ Electrophoresis was performed in 10 mM sodium borate buffer containing 50 mM sodium dodecyl sulfate at pH 8.81 and at 20 kV constant

voltage.
® Migration time in minutes.
* Oligosaccharide (see Fig. 1 for structure).

4 Ratio of total negative charge (¢) to number of saccharide residues (s).

¢ Percentage of total peak area.
/ Not detected or determined.

# Not quantified.

k Not resolved.

i Unidentified components.

preferences (19,20), which determine the global three-
dimensional conformation of the molecule, it appears
that the under the influence of high electric fields the
mobility of these species is governed to a major extent
by their overall charge density {(c/s). Hexasaccharide
17, having a c/s ratio of 1.75, is the only oligosaccharide
eluting at a unexpected position. The reason for this
behavior, although unclear, is probably the result of a
distortion in the conformation of the molecule, due to
the 3-O-sulfate group, allowing greater charge interac-
tion with the capillary wall. Local charge density may
also play a role as demonstrated by the differences in
retention times of oligosaccharides 5~8, 11 and 14,
and 13 and 15. It is this potential of exquisite resolving
power of capillary electrophoresis that must be ex-
ploited if all the minor biologically active oligosaccha-
rides present in heparin are to be quantified. One addi-
tional distinguishing feature of CE is its ability to
resolve structures that differ only in the position of a
sulfate group (9 from 14), and also to resolve stereoiso-
mers (14 from 11). Within the family of equivalent
charge densities (c/s), oligosaccharides with a greater
number of saccharide residues tend to migrate faster.

The linearity of peak area to the amount of oligosac-
charide analyzed was studied using disaccharides 1 and
8, tetrasaccharide 13, and hexasaccharide 17. Disac-
charide 1 is the major product of the heparin lyase cata-
lyzed depolymerization of heparin. Disaccharide 8 is a
tailing peak, tetrasaccharide 13 is a highly symmetric
peak, and hexasaccharide 17 is in a crowded region of
the electropherogram. The detector response was ana-
lyzed by serially diluting the standard oligosaccharide
mixture (1~17) (Fig. 3). For most of the oligosaccha-
rides, peak height gave a poor correlation to oligosaccha-
ride amount due to variable peak width, as well as front-
ing and tailing. Peak area gave a good correlation for the
well-resolved oligosaccharides 1, 13, and 8. Reason-
ably good correlation was observed for overlapped peak
17. Other explanations for reduced correlation between
peak response and sample size might include variations
in introduced volume or slight variations in migration
time causing changes in peak width. Thus, quantifica-
tion might be improved by using an internal standard.
The limit of detection for a typical oligosaccharide was
in the range of 600 fmol to 1 pmol. The sample required
for accurate quantification was 10 pmol.
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FI1G.3. Quantification of oligosaccharides by peak areas. (A) Disac-
charide 1: r?2 = 0.983. (B) Tetrasaccharide 13: r? = 0.990. (C) Hexa-
saccharide 17: r? = 0.955. (D) Disaccharide 8: r? = 0.972.

Compositional Analysis of LMW Heparins

Since the LMW heparins are prepared using different
chemical methods that destroy or alter specific sacchar-
ide residues, it may be feasible to elucidate the struc-
tural differences between these low-molecular-weight
heparins using oligosaccharide compositional analysis.
Preliminary attempts to study these differences were
made using SAX-HPLC (4). Unfortunately, subtle dif-
ferences occuring in a single residue in a chain result in
minor oligosaccharides that often go undetected by this
relatively low-resolution, low-sensitivity technique. The
application of CE for the quantitative analysis of enzy-
matic digests of LMW heparins has the potential of
both improved resolution and higher sensitivity. Fraxi-
parin is obtained by size fractionation of commercial
porcine mucosal heparin, while Fragmin is prepared by
nitrous acid depolymerization of porcine mucosal hepa-
rin (21). Fluxum is obtained by oxidative cleavage of
bovine mucosal heparin (22). Since these LMW hepa-
rins are prepared by different methods, the CE electro-
pherograms of their oligosaccharide products should be
different.

The oligosaccharide composition was obtained by de-
polymerization of heparin and LMW heparins using a
mixture of heparin lyase I, II, and III, followed by elec-
trophoresis under conditions as described above. As ex-
pected, the oligosaccharide composition for different
LMW heparins varied. The amount of disaccharide 2 in

125

these LMW heparins is very different (Fig. 4, Table 1).
The amount of tetrasaccharides 13 and 9 also reflect
the differences in the microheterogeneity of these LMW
heparins. Hexasaccharide 17 is obtained from the an-
tithrombin III (ATIII) binding sequence (23,24) of the
polysaccharide chain of heparin. The compositional
analysis suggests that low-molecular-weight heparins
have a significantly different proportion of ATIII bind-
ing sequence, which may explain the differences in their
biological activity (10). The proportion of unidentified
components in various LMW heparins differ consider-
ably (Table 1). These result from the different process-
ing methods used in their preparation. The higher pro-
portion of unidentified components implies greater
differences between the LMW heparin and the parent
heparin. Although it is not possible to identify and
quantify all the unidentified components in various
LMW heparins, for the lack of appropriate standards,
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FIG. 4. Capillary electropherograms of heparin lyase I, I1, and III
depolymerized heparin and low-molecular-weight heparins. The con-
ditions used were 10 mM sodium borate buffer containing 50 mm SDS
at pH 8.81 and at 20 kV constant voitage. (A) Porcine intestinal hepa-
rin, (B) Fraxiparine, (C) Fluxum, (D) Fragmin, (E) Sandoparin, and
(F) Enoxaparin. The broad peak (“x") is due to protein correspona-
ing to the three heparin lyases that were used in high amounts. Note
the dissimilarity in the electropherograms for the LMW heparins due
to the difference in the methods of their preparation. See Table 1.
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FIG. 5. Capillary electropherograms of heparin lyase 1 depolymer-
ized heparin and low-molecular-weight heparins. (A) Porcine intes-
tinal heparin, (B) Fraxiparin, (C) Fluxum, (D) Fragmin, (E) Enoxa-
parin, and (F) Logiparin.

the relative differences in oligosaccharide composition
between LMW heparin samples are good indicators of
the differences or similarities between these samples.
The capillary electropherograms of heparin lyase I de-
polymerized heparin and LMW heparins (Fig. 5) repre-
sent oligosaccharide maps. These also show significant
structural differences between these LMW heparins.
This figure suggests oligosaccharide mapping by capil-
lary electrophoresis might be useful in fingerprinting
the LMW heparin samples, as well as in controlling the
quality of these pharmaceutical preparations.

The percentage composition of disaccharide 1 ob-
tained from low-molecular-weight heparins measured
in this study (~73-87%) is significantly higher than
that measured using SAX-HPLC (6). Earlier studies re-
lying on SAX-HPLC (6,16) use only heparin lyase I
while the present study utilizes a mixture of the three
heparin lyases for greater depolymerization of heparin
or LMW heparins. The substrate specificity study of the
heparin lyases demonstrates a broad specificity for link-
ages within heparin when all three lyases are used in
combination (25). This results in the nearly complete

DESAI ET AL.

depolymerization of polysaccharide chains to disaccha-
ride components, the major constituent of which is di-
saccharide 1. CE can separate all the disacchairdes
formed using a mixture of the three lyases but SAX-
HPLC has insufficient resolving power to separate all
the disaccharides formed. The proportion of disaccha-
ride 1 formed on treatment with the three lyases re-
flects the degree of homogeneity for the heparin sample
and hence should also serve as a good indicator of biolog-
ical differences. The broad peak corresponding to disac-
charide 1 dominates the profile because of its high con-
centration in the sample. If the sample is diluted and a
second injection is performed sharp peak obtained can
be used to assist in accurate quantification.

In conclusion, we have demonstrated the feasibility of
the oligosaccharide compositional analysis of heparin
and low-molecular-weight heparins. Most of the oligo-
saccharides could be resolved on an uncoated, silica cap-
illary using 10 mM sodium borate and 50 mM sodium
dodecyl sulfate buffer at pH 8.81 under a constant volt-
age of 20 kV. The relative compositional analysis of
LMW heparins highlights the differences between the
different commercially available low-molecular-weight
heparins. Although the identification of all the natural
and unnatural (those due to processing method for pre-
paring LMW heparin) components in the LMW hepa-
rins is currently not feasible, it would certainly aid in
elucidating the subtle compositional differences be-
tween commercially available LMW heparins as well as
lot to lot variation.
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