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Abstract

A simple, selective and accurate capillary electrophoresis (CE) method has been developed for the rapid separation and identification of various
low molecular weight heparins (LMWHs) and unfractionated heparin. Separation and operational parameters were investigated using dalteparin
sodium as the test LMWH. The developed method used a 70 cm fused silica capillary (50 wm i.d.) with a detection window 8.5 cm from the
distal end. Phosphate electrolyte (pH 3.5; 50 mM), an applied voltage of —30kV, UV detection at 230 nm and sample injection at 20 mbar for 5s
were used. The method performance was assessed in terms of linearity, selectivity, intra- and inter-day precision and accuracy. The method was
successfully applied to the European Pharmacopeia LMWH standard, dalteparin sodium, enoxaparin sodium and heparin sodium with a significant
reduction in the run time and increased resolution compared with previously reported CE methods. Different CE separation profiles were obtained
for various LMWHs and unfractionated heparin showing significant structural diversity. The current methodology was sensitive enough to reveal
minor constituent differences between two different batches of enoxaparin sodium. This CE method also clearly showed chemical changes that
occurred to LMWHs under different stress conditions. The sensitivity, selectivity and simplicity of the developed method allow its application in
research or manufacturing for the identification, stability analysis, characterization and monitoring of batch-to-batch consistency of different low
molecular weight and unfractionated heparins.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heparin is an endogenously occurring glycosaminoglycan
(GAG) extracted from mammalian tissues, consisting of com-
plex linear polysaccharides [1]. The most important heparin
derivatives from the viewpoint of clinical use as antithrombotic
agents are the low molecular weight heparins (LMWHs) [2].
These are modified fractions of heparin, consisting of GAG
chains of molecular weight ranging from 2000 to 8000 Da with
an average of 5000 Da [3].

* Corresponding author. Tel.: +61 3 6226 1003; fax: +61 3 6226 2870.
E-mail address: rppatel @utas.edu.au (R.P. Patel).

0731-7085/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2007.10.009

LMWHs are produced by fragmentation of native heparin
using various techniques: $-elimination by enzymatic or chem-
ical cleavage; deamination with nitrous acid or other nitrosating
reagents such as isoamyl nitrate; or oxidation with hydrogen per-
oxide. Different LMWHs may show structural differences based
on the fractionation method applied. The origin of the parent
heparin may also introduce structural variability in the indi-
vidual low molecular weight derivative, as heparin is obtained
from different tissues and species. As a result LMWHs are more
heterogeneous than unfractionated heparin [3].

Dalteparin is the sodium salt of a LMWH obtained by opti-
mised nitrous acid depolymerisation (deaminative cleavage with
nitrous acid) of heparin from porcine intestinal mucosa, fol-
lowed by controlled fractionation to selectively eliminate most
of the chains with molecular mass of more than 8000 Da [3].
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Nitrous acid deamination produces an anhydromanno group at
the reducing end of the low molecular weight heparin chain [4].
Alternatively, production of LMWHs by the enzymatic cleav-
age of unfractionated heparin by heparinase I produces a double
bond at the non-reducing end of the resultant LMWH [3] (for
example tinzaparin). These minor structural differences between
various LMWHs may differentiate them by their chemical pro-
files or their pharmacodynamic/pharmacokinetic properties [5].
As aresult, each of these LMWHs should be identified as a sep-
arate entity. Identification of physicochemical properties of each
LMWH is necessary. The methodology used must be capable of
detecting minor differences between two different LMWHs or
two different batches of the same LMWH. The European Phar-
macopeia tests for LMWH analysis include chromogenic assays
for AFXa and AFIla activities and size exclusion chromatogra-
phy for structural identification [6].

Various techniques have been applied to analyse and sepa-
rate large anionic polysaccharides such as heparin and various
LMWHs and their oligosaccharides and disaccharides. Poly-
acrylamide gel electrophoresis (PAGE) has been used for
analysis of GAGs and oligosaccharides with the use of differ-
ent cationic dyes for their visualization [7-11]. Strong anion
exchange chromatography (SAX) and high performance lig-
uid chromatography (HPLC) have been used successfully for
the analysis of intact and enzymatically depolymerised GAGs
[12-15].

Over the past two decades, capillary electrophoresis (CE) has
been increasingly applied as a sensitive method of high resolv-
ing power for the analysis of complex mixtures of peptides,
nucleotides and polysaccharides [16,17]. However, most of the
polysaccharide work utilising CE involves the analysis of chemi-
cally or enzymatically depolymerised oligosaccharides [18-28].
Only a few applications of CE for the analysis of intact anionic
polysaccharides have been documented [29-35]. Malsch et al.
[30], Ramasamy et al. [35] and Toida and Linhardt [28] provide
examples of the potential use of CE for the analysis of intact
LMWHs, however these CE assays had limitations associated
with resolution and run time. Ramasamy et al. [35] used an acidic
copper sulfate buffer for the separation of LMWHs that resulted
in a peak with a base width of nearly 30 min. Malsch et al. [30]
used an acidic phosphate buffer for the analysis of heparin that
resulted in a peak width of nearly 5 min. Similarly the acidic
buffer containing copper employed by Toida and Linhardt [28]
for heparin analysis resulted in a peak width of about 8 min.

Polyanions can be separated by CE with either high or low
pH buffers, using normal or reverse polarity [26,30]. GAGs are
negatively charged over a wide range of pH values and hence
possess a favourable electrophoretic mobility for CE, due to the
large number of sulfate groups. Under acidic conditions elec-
troosmotic flow (EOF) is almost negligible due to protonation
of silanol groups on the fused silica capillary surface. Samples
introduced from the cathodic end migrate towards the anode
without influence from the EOF. The separation of LMWHs
is directly proportional to the average number of sulfate groups
present in the repeating units [24]. In an alkaline environment the
intrinsic mobility of the EOF is high due to dissociated silanol
groups. Samples introduced from the anode possessing lower

electrophoretic mobility than the EOF are swept towards the
cathode [23,36,37].

CE is under-exploited for polysaccharide analysis. To the
authors’ knowledge, a versatile method with high resolution and
a short run time for the separation and quantification of intact
LMWHs for the evaluation of stability and batch-to-batch varia-
tion in pharmaceuticals is not available. Particular attention must
be paid to the efficiency, precision, accuracy and selectivity of
any analytical method used for pharmaceutical quality control.
The LMWH dalteparin sodium was selected as a test analyte
to develop a simple and rapid CE separation method. Several
parameters were investigated such as buffer concentration, pH
of the background electrolyte, different capillary lengths and
diameters and the amount injected. The developed CE method
was validated in terms of linearity, precision, accuracy and
selectivity and results are presented as % R.S.D. (relative stan-
dard deviation). Furthermore, the developed CE method was
applied to the characterization of structurally different LMWHs
and different batches of the same LMWH, and chemically and
thermally stressed enoxaparin sodium and dalteparin sodium to
demonstrate its potential in applications for the analysis of intact
LMWHs.

2. Materials and methods
2.1. Materials

The sodium salts of dalteparin (12,500 [U/ml) and heparin
were purchased from Pharmacia (Rydalmere, NSW, Aus-
tralia). The sodium salt of enoxaparin (10,000 IU/ml) was
purchased from Aventis Pharma (Sydney, NSW, Australia).
The European Pharmacopoeia LMWH standard was from Phar-
macopée Européenne (Strasbourg, France). Orthophosphoric
acid, sodium hydroxide, sodium chloride, hydrochloric acid and
hydrogen peroxide were of analytical grade as purchased from
Sigma—Aldrich (Castle Hill, NSW, Australia). Electrolytes and
standard solutions were prepared from Milli-Q water and were
filtered through a 0.22 pm pore size membrane filter prior to use.

2.2. Instrumentation

An Agilent®® capillary electrophoresis instrument (Wal-
dronn, Germany), equipped with a deuterium UV lamp and
diode array detector (190-600nm) was used for capillary
electrophoresis investigations. Data acquisition and instrument
control were carried out using Agilent Chemstation system
software. Bare fused silica capillaries were purchased from
Polymicro Technologies (Phoenix, AZ, USA). A detection win-
dow was established through the polyimide coating at 8.5 cm
from the capillary end using a butane torch. The detection
wavelength and separation temperature were 230 nm and 25 °C,
respectively.

2.3. CE analysis

Between each run, the capillary was flushed for 1 min with
electrolyte. The samples were introduced into the cathodic end
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of the capillary by hydrodynamic injection for 5 s at 20 mbar. The
separation was performed in reverse polarity mode with a con-
stant voltage of —30kV. In order to ensure reproducible results
of the CE method, the capillary was conditioned by applying
a voltage of —30kV with the electrolyte solution for 20 min
at the start of each day. The capillary was flushed with Milli-Q
water for 5 min followed by electrolyte for 2 min prior to running
samples.

2.4. Electrolyte preparation

A stock solution of phosphate electrolyte (200 mM) was pre-
pared by diluting the calculated weight of orthophosphoric acid
with Milli-Q water. The pH was adjusted to 2.0 by careful addi-
tion of 1 M sodium hydroxide solution. Preparation of phosphate
electrolytes of different concentrations and pH values was per-
formed by appropriate dilution of electrolyte stock solution with
Milli-Q water and adjustment of pH using 1 M sodium hydroxide
solution.

2.5. Method development

The method development was performed using dalteparin
sodium solution diluted with Milli-Q water to a concentration
of 5mg/ml. Fused silica capillaries of 30, 50 or 70 cm length
with 50 or 75 wm i.d. were used. Phosphate electrolyte (20, 50
or 100 mM) having a pH of 2, 3.5 or 5 was prepared from the
stock solution. Analyses were run with an applied voltage of
—10, =20 or —30kV.

2.6. Assay performance

Intra- and inter-day (over five consecutive days) precision
were investigated using peak area, with repeat analysis (n=6)
of 5 mg/ml dalteparin sodium solution. The intra-day precision
of different concentrations of dalteparin (10, 20 and 50 mg/ml,
n=06) was also determined. Mean intra- and inter-day accuracy
were calculated as follows; (observed concentration — expected
concentration)/expected concentration x 100. The linearity of
the method was investigated using 2.5, 5, 10, 20 and 50 mg/ml
dalteparin sodium (estimated using correlation coefficient r2)
and peak retention time were obtained on each of the 5
days.

2.7. Degradation of dalteparin sodium

Dalteparin sodium and enoxaparin sodium solutions were
subjected to chemical and thermal stresses in sealed N»-filled
glass ampoules. Dalteparin solutions were mixed with either
0.5 M hydrochloric acid or concentrated hydrogen peroxide and
then heated at 100 °C for 30 min. Enoxaparin sodium solution
was mixed with concentrated hydrogen peroxide and then heated
at 100 °C for 30 min. A further sample of enoxaparin was heated
at 70 °C for 2h. CE analyses were performed on both stressed
and unstressed samples for comparative purposes.

2.8. Preparation of unfractionated heparin and various
LMWHSs samples

Heparin sodium (50001U/ml), European Pharmacopoeia
calibration standard for LMWHs, enoxaparin sodium
(10,000 1U/ml) and dalteparin sodium (12,500 IU/ml) were
diluted to 10 mg/ml with Milli-Q water before CE analysis. Six
samples were analysed in all cases to test the reproducibility of
the technique.

3. Results and discussion

3.1. Influence of separation parameters on dalteparin
sodium analysis

Dalteparin sodium was selected as the test analyte because
it gave a simple peak in its electropherogram, and its CE anal-
ysis has been demonstrated previously [35]. Efforts were made
to improve the electrophoretic separation of intact dalteparin
sodium. Molecular dispersion of polysaccharides is known to
be influenced by the applied voltage and the distance they are
required to migrate before the detection window [38]. The high-
est voltage tested, —30 kV, gave rapid migration with acceptable
peak shape. Consequently, this voltage was chosen for further
analyses. The effect of different length and inner diameter com-
binations of the fused silica capillary were investigated with
respect to the separation efficiency that could be achieved.
When using the 75 wm i.d. and 40 cm capillary, electrophoretic
current was too high and current breakdown was observed,
which had a negative impact on the separation. Decreasing
the diameter of the capillary, increasing the length of the cap-
illary or decreasing the ionic strength of the electrolyte has
been shown to decrease the magnitude of the current gener-
ated [38]. This avoids the deleterious effects caused by boiling
within the capillary. Increasing the length of the 75 wm i.d. cap-
illary to 50 cm did not achieve better peak shape in the sample.
Hence, a 50 um i.d. capillary was utilised which allowed rel-
atively higher ionic strength electrolyte solutions to be used.
This aided in sample stacking, hence improving sensitivity
and reduced the magnitude of current generation compared to
using the same higher electrolyte concentration in a 75 pm i.d.
capillary. Hence, the best separation conditions achieved were
obtained using a capillary of reduced i.d. (50 wm) of greater
length (70 cm) with the S0mM phosphate electrolyte at pH
3.5.

3.2. Effect of electrolyte pH on the separation efficiency

It is established that at low pH oligosaccharides can be effi-
ciently separated without complexation with borate. Operation
at lower pH ensures that the cathodic EOF is negligible allowing
migration of the analytes in the opposite direction towards the
cathode. In order to maximise the electrophoretic mobility of
the negatively charged polysaccharide dalteparin sodium, only
acidic phosphate electrolytes (pH range 2—5) were investigated.
The strength of the electrolyte was maintained at 50 mM at all
the tested pH values.
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Fig. 1. Effect of the buffer pH on the peak shape and migration time of the
dalteparin peak (5 mg/ml): fused silica capillary of total length of 70 cm with
50 wm i.d; background electrolyte 50 mM phosphate buffer at pH 3.5; applied
voltage of —30kV; detection at 230 nm, injection at 20 mbar for 5s.

The electrolyte pH was found to greatly influence the CE sep-
aration. Migration times varied significantly across the tested pH
range, with an increasing trend with increase in pH. As seen in
Fig. 1, at pH 5.0 a very broad peak was obtained with longer
migration time. This is because an increase in pH increases
the EOF, whose direction is towards the inlet electrode. Con-
sequently the decreased net mobility of the solutes tends to
increase the migration time, leading to higher dispersion of the
solute in the capillary. At pH 2.0, the sample migrated earlier
past the detector but with a poor peak shape. The peak height
and area were also less at pH 2.0 compared with results obtained
using electrolyte of higher pH values. This could be explained
by the partial degradation of dalteparin sodium in very acidic
conditions [39]. The best efficiency for dalteparin sodium sepa-
ration was achieved at pH 3.5. However, the electrolyte required
replacement with freshly titrated electrolyte after every 100 min
due to the lack of buffering capacity of phosphate at this pH
value. This time interval allowed the running of 10 sample
analyses without any observed change in electrophoretic sep-
aration.

3.3. Influence of the electrolyte concentration

The effect of increasing the electrolyte strength from 20
to 200mM was investigated, since increasing the electrolyte
strength increases beneficial sample stacking, which improves
separation efficiency. Increasing the concentration of electrolyte
also increases the current during electrophoresis. Potential Joule
heating effects limit the electrolyte concentration used. At a con-
centration of 100 mM phosphate electrolyte the peak became
broad with tailing and at 200 mM the dalteparin sodium peak
shape degraded dramatically. The 50 mM electrolyte gave a
sharp, well-resolved and represented peak with a good compro-
mise between current and peak shape. Highly negatively charged
large molecules, including polysaccharides such as heparins,
tend to become more compact in higher strength solutions due to
charge neutralisation that effectively decreases the intra molec-
ular repulsive forces from the negatively charged sulfate groups.

This change in conformation also benefits electrophoretic sep-
aration, as has been observed in the CE separation of highly
sulfated carrageenans [40].

3.4. Assay performance

The intra- and inter-day precision R.S.D. was 3.2% (n=06)
and 4.4% (n=5), respectively at the level of 5mg/ml dal-
teparin sodium. The intra- and inter-day accuracy was +4.0% and
+5.5%, respectively at 5 mg/ml dalteparin sodium. The intra-day
precision R.S.D. at the level of 10, 20 and 50 mg/ml of dalteparin
sodium (n=06) was 3.8%, 4.4% and 2.3%, respectively. Linear-
ity estimated by correlation coefficient 7> was greater than 0.997
with each of five different concentrations of dalteparin sodium
(2.5, 5, 10, 20 and 50 mg/ml) over 5 days. Mean migration time
of dalteparin sodium was 5.69 min with an intra-day and inter-
day migration time R.S.D. of 0.57% (n=6) and 1.99% (n=24),
respectively.

3.5. Analysis of stressed LMWHs

The CE profiles for degraded and non-degraded dalteparin
and enoxaparin sodium samples, using the method developed in
this work are presented in Fig. 2. With acid stressed dalteparin
sodium, a degradation product migrated past the detector after
3.2 min. The same peak was increased in height and area follow-
ing peroxide degradation. The peak area of the main dalteparin
sodium peak with a migration time of 5.64 min was reduced
more than five times after acid stress. Two very small peaks
were obtained instead of a single dalteparin sodium peak after
treatment with H,O».

This CE method demonstrated changes in the electropheric
profile of enoxaparin sodium heated at 70 °C for 2 h, as shown
in Fig. 2B. It is evident from the electropherograms that major
changes have occurred during the relatively mild heating of
enoxaparin sodium. The H>O; stressed sample produced a num-
ber of new peaks accompanied by complete loss of the original
enoxaparin sodium peaks. This accurate, fast and highly specific
technique offers a method suitable for stability studies of various
LMWHs.

3.6. CE analysis of different LMWHs and unfractionated
heparin

The electropherograms of the European Pharmacopeia
LMWH standard, two different batches of enoxaparin sodium
and heparin sodium are shown in Fig. 3. The electrophoretic
profiles of various LMWHs differed from the European Phar-
macopeia calibration standard. The CE method detected major
structural differences between dalteparin sodium and enoxa-
parin sodium. The mean migration time of the principle peak
of LMWHs and unfractionated heparin (n=6) were 5.23 min
(0.96% R.S.D.; European Pharmacopeia LMWH standard),
5.68 min (0.74% R.S.D. enoxaparin sodium) and 4.87 min
(0.63% R.S.D.; heparin sodium). The intra-day precision R.S.D.
of the principle peak of European Pharmacopeia LMWH stan-
dard, enoxaparin sodium and heparin sodium (n = 6) were 3.5%,
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Fig. 2. Electropherograms of dalteparin sodium (5 mg/ml) before and after
stressing under oxidative or acidic conditions (A) and enoxaparin sodium before
and after stressing at 70 °C for 2 h or under acidic conditions (B). CE conditions
are the same as those described for Fig. 1.

4.0% and 3.2%, respectively. The electrophoretic profile of dal-
teparin sodium (Fig. 2) was more similar to its parent compound
heparin compared with enoxaparin sodium or the European
Pharmacopeia LMWH standard.

The CE method described here has several advantages over
previously reported CE methods for intact LMW and unfrac-
tionated heparin. Electrophoretic separation can be performed
in less than 10 min for LMWHs which compares with more
than 20 and 40 min for previous CE methods [28,35]. The res-
olution of peaks was excellent, with more than eight peaks
evident in the electropherograms of enoxaparin sodium and
the European Pharmacopeia LMWH standard compared with
only a few peaks evident in electropherograms of the same
LMWHs using the method described by Ramasamy et al. [35].
In contrast with previously reported methods [28,30,35] by
the method reported here, each LMWH showed distinctive
electropherogram features with narrow peak width and char-
acteristic migration times and each LMWH could readily be
distinguished from other LMWHs and unfractionated heparin.
This method could be applied to further characterize different
LMWH constituents by comparison of results with CE anal-
yses of oligosaccharide standards of known molecular weight
and polydispersity. This method allows the analysis of individ-
ual molecular components of LMW and unfractionated heparins
which is not possible following enzymatic or chemical digestion
procedures prior to CE analysis [22-26]. This CE method was
so sensitive that it clearly revealed differences in six different
regions of the electropherograms from two different batches of
enoxaparin sodium (Fig. 3B). As enoxaparin sodium is used
for wide ranges of different indications, the observed com-
positional differences in two different batches of enoxaparin
sodium may have significant clinical implications. As a dose
of enoxaparin sodium varies with different indications, minor
compositional differences may lead biological or clinical vari-
ability [3]. These results demonstrate that this method would
be suitable for analysis of batch-to-batch variation in pharma-
ceutical LMWHs or for “fingerprinting” batches of LMWHs.
These compositional differences may be due to the inherent
structural variability of the precursor heparin from which the
LMWH was derived or due to differences in the fractionation
process.
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Fig. 3. Electropherograms of European Pharmacopoeia LMWH standard (A), two different batches of enoxaparin sodium (B) with differences highlighted by the
arrows and heparin sodium (C). Each sample was diluted with Milli-Q water to achieve a concentration of 5 mg/ml. CE conditions are the same as those described

for Fig. 1.
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4. Conclusion

This work has demonstrated the advantages of the developed
CE method, with specified length and diameter of capillary,
applied voltage, ionic strength and pH of background electrolyte,
to achieve efficient separation of LMW and unfractionated
heparins. The CE assay performance was assessed in terms
of linearity, accuracy, precision, selectivity and gave accept-
able performance and reproducibility. This method is simple,
quick to perform and gives higher resolution than other reported
CE methodologies for intact LMWHs. This versatile method
was able to clearly differentiate three different LMWHs and
unfractionated heparin, and each giving electropherograms with
sharp peaks at consistent migration time. This method is capa-
ble of detecting compositional differences between batches of
the same LMWH and able to show degradation products of
LMWHs after chemical or mild thermal stress conditions. This
CE method potentially offers a simple and rapid analytical tech-
nique to study of batch-to-batch variation, the characterization
and stability testing of pharmaceutical LMW and unfractionated
heparins.

References

[1] B. Casu, in: D.A. Lane, U. Lindahl (Eds.), Heparin: Chemical and Biolog-
ical Properties. Clinical Applications, Edward Arnold, London, 1989, pp.
1-25.

[2] M. Verstraete, Drugs 40 (1990) 498-530.

[3] RJ. Linhardt, N.S. Gunay, Semin. Thromb. Hemost. 25 (1999) 5-16.

[4] Fragmin (dalteparin sodium) injection (package insert), Pharmacia and
Upjohn, Kalmazoo: March 2004.

[5] J. Fareed, D. Hoppensteadt, C. Schultz, Q. Ma, M.F. Kujawski, B. Neville,
H. Messmore, Curr. Pharm. Des. 10 (2004) 983-999.

[6] British Pharmacopoeia Organisation. Low molecular weight heparins.
In: British Pharmacopoeia. British Pharmacopoeia Commission, London
2002.

[7]1 G.I. Rozenberg, J. Espada, L.L. De Cidre, A.M. Eijan, J.C. Calvo, G.E.
Bertolesi, Electrophoresis 22 (2001) 3—11.

[8] M.K. Cowman, M.F. Slahetka, D.M. Hittner, J. Kim, M. Forino, G.
Gadelrab, Biochem. J. 221 (1984) 707-716.

[9] R.E. Edens, A. Al-Hakim, J.M. Weiler, D.G. Rethwisch, J. Fareed, R.J.
Linhardt, J. Pharm. Sci. 81 (1992) 823-827.

[10] J.E. Turnbull, J.T. Gallagher, Biochem. J. 251 (1988) 597-608.

[11] S. Cavari, S. Vannucchi, Clin. Chim. Acta 252 (1996) 159-170.

[12] R.R. Vives, S. Goodger, D.A. Pye, Biochem. J. 354 (2001) 141-147.

[13] W.Mao, C. Thanawirron, R.J. Linhardt, In: N. Volpi (Ed.), Analytical Tech-
niques to Evaluate the Structure and Function of Natural Polysaccharides,
Glycosaminoglycans. Research Signpost, Trivendrum, 2002, pp. 53-78.

[14] C. Thanawiroon, R.J. Linhardt, J. Chromatogr. A 1014 (2003) 215-223.

[15] J. Maddineni, J.M. Walenga, W.P. Jeske, D.A. Hoppensteadt, J. Fareed, R.
Wahi, R.L. Bick, Clin. Appl. Thromb-Hem. 12 (2006) 267-276.

[16] J.W. Jorgenson, TrAC. Trends Anal. Chem. 3 (1984) 51-54.

[17] W.G. Kuhr, Anal. Chem. 62 (1990) 403R—414R.

[18] S.A. Ampofo, H.M. Wang, R.J. Linhardt, Anal. Biochem. 199 (1991)
249-255.

[19] J.B.L. Damm, G.T. Overklift, B.W.M. Vermeulen, C.F. Fluitsma, G.W.K.
van Dedem, J. Chromatogr. 608 (1992) 297-309.

[20] S.L. Carney, D.J. Osborne, Anal. Biochem. 195 (1991) 132-140.

[21] A. Al-Hakim, R.J. Linhardt, Anal. Biochem. 195 (1991) 68-73.

[22] U.R. Desai, H.M. Wang, S.A. Ampofo, R.J. Linhardt, Anal. Biochem. 213
(1993) 120-127.

[23] J. Grimshaw, Electrophoresis 18 (1997) 2408-2414.

[24] N.K. Karamanos, A. Hjerpe, Biomed. Chromatogr. 13 (1999) 507-512.

[25] R.J. Linhardt, A. Pervin, J. Chromatogr. A 720 (1996) 323-335.

[26] A. Pervin, A. Al-Hakim, R.J. Linhardt, Anal. Biochem. 221 (1994)
182-188.

[27] V. Ruiz-Calero, L. Puignou, M.T. Galceran, J. Chromatogr. A 828 (1998)
497-508.

[28] T. Toida, R.J. Linhardt, Electrophoresis 17 (1996) 341-346.

[29] R. Malsch, J. Harenberg, D.L. Heene, J. Chromatogr. A 716 (1995)
259-268.

[30] R. Malsch, J. Harenberg, L. Piazolo, G. Huhle, D.L. Heene, J. Chromatogr.
B 685 (1996) 223-231.

[31] J. Grimshaw, A. Kane, J. Trocha-Grimshaw, A. Douglas, U. Chakravarthy,
D. Archer, Electrophoresis 15 (1994) 936-940.

[32] M.A. Roberts, H.J. Zhong, J. Prodolliet, D.M. Goodall, J. Chromatogr. A
817 (1998) 353-366.

[33] S. Hayase, Y. Oda, S. Honda, K. Kakehi, J. Chromatogr. A 768 (1997)
295-305.

[34] Z. Mala, L. Krivankova, P. Bocek, Electrophoresis 17 (1996) 125-129.

[35] 1. Ramasamy, J. Kennedy, K. Tan, Lab. Hematol. 9 (2003) 64—66.

[36] M.D. Richmond, E.S. Yeung, Anal. Biochem. 210 (1993) 245-248.

[37] J. Sudor, M. Novotny, P. Natl. Acad. Sci. U.S.A. 90 (1993) 9451-9455.

[38] Z.E. Rassi, Y.A. Mechref, in: P. Camilleri (Ed.), Capillary Electrophoresis:
Theory and Practice, CRC press, London, 1998, pp. 273-362.

[39] K.A. Jandik, D. Kruep, M. Cartier, R.J. Linhardt, J. Pharm. Sci. 85 (1996)
45-51.

[40] C.M. Mangin, D.M. Goodall, M.A. Roberts, Electrophoresis 22 (2001)
1460-1467.



	A simple capillary electrophoresis method for the rapid separation and determination of intact low molecular weight and unfractionated heparins
	Introduction
	Materials and methods
	Materials
	Instrumentation
	CE analysis
	Electrolyte preparation
	Method development
	Assay performance
	Degradation of dalteparin sodium
	Preparation of unfractionated heparin and various LMWHs samples

	Results and discussion
	Influence of separation parameters on dalteparin sodium analysis
	Effect of electrolyte pH on the separation efficiency
	Influence of the electrolyte concentration
	Assay performance
	Analysis of stressed LMWHs
	CE analysis of different LMWHs and unfractionated heparin

	Conclusion
	References


