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Heparin, a linear highly sulfated polysaccharide, is a
member of the glycosaminoglycan (GAG)1 family [1,2].
Since the 1930s, heparin has been widely used as a clinical
anticoagulant [3,4]. More recently, low-molecular weight
heparin (LMWH) derivatives have come into widespread
use as anticoagulant and antithrombotic drugs [5].
Although heparin’s clinical use predated the establishment
of the US. Food and Drug Administration (FDA), the
approval of LMWH required a number of pharmacological
studies on these new drugs. The pharmacologically relevant
concentration of heparin and LMWH in plasma is between
0.1 and 1.0 anti-factor Xa U/ml, corresponding to approximately 1–10 g/ml of drug [6]. Plasma is a complex mixture,
making the direct analysis of heparin or LMWH at these
concentrations exceedingly challenging. Thus, most of the
pharmacological studies of heparin and LMWH have relied
on bioassays such as anti-factor Xa activity to evaluate
these agents, providing only pharmacodynamic data. This
inability to obtain pharmacokinetic data on LMWH is a
serious concern because the plasma anti-factor Xa activity
of LMWH does not correlate well with its therapeutic
eYcacy [7].
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Our laboratory has successfully applied reversed-phase
ion-pairing (RPIP) high-performance liquid chromatography (HPLC) in a pharmacokinetic study of heparin in rabbit
plasma [8]. Unfortunately, this method required a cumbersome puriWcation procedure that cannot be easily applied to
human plasma samples in the high-throughput fashion
required to provide pharmacokinetic data for clinical studies.
In addition, human plasma samples are much more variable
with respect to the presence of interfering substances than
rabbit plasma. In particular, human plasma reportedly contains endogenous GAGs [9] that might interfere with heparin
analysis. The current study involves the use of a simple recovery and puriWcation scheme for the analysis of heparin from
human plasma that relies on proteolysis, an ion-exchange
spin column puriWcation, and methanol precipitation.
Pooled, citrated human plasma (Innovative Research,
SouthWeld, MI, USA) was used to assess a new approach for
the recovery of exogenously added heparin and for the characterization of endogenous plasma GAGs. Our challenge was
to devise a method to recover the anionic heparin polysaccharide from plasma, a complex mixture containing proteins,
buVer salts (»150 mM), proteins (»60 g/L), lipids (»1 g/L),
and endogenous GAGs [9]. Urea, a nonionic denaturant, is
known to solubilize most proteins, and Chaps, a zwitterionic
surfactant, is commonly used to solubilize hydrophobic molecules such as triglycerides. Initial studies examined the solubility of lyophilized plasma in 8 M urea containing 2 wt%
Chaps, and to our surprise a translucent gel formed. In an
alternative approach to prevent gel formation and facilitate
heparin recovery, plasma proteins were Wrst degraded with
actinase E (Kaken Biochemicals, Tokyo, Japan), a nonspeciWc protease derived from Streptomyces griseus.
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Heparin (porcine intestinal sodium salt, 150 IU/mg, Celsus
Laboratories, Cincinnati, OH, USA) was added in amounts
of 0, 60, 600, and 3000 g in 10 ml citrated human plasma.
These plasma samples were then individually proteolyzed at
55 °C with 20 mg actinase E for 18 h. After the proteolysis,
dry urea (8 g) and dry Chaps (0.36 g) were added to each
sample to aVord 18 ml solution (2 wt% in Chaps and 8 M in
urea). The resulting cloudy solutions were clariWed by passing through a 0.2-m syringe Wlter (Millipore, Billerica, MA,
USA). Vivapure Maxi Q spin columns (20 ml, Viva Science,
Edgewood, NJ, USA) were equilibrated with 3 ml of 8 M
urea containing 2% Chaps (pH 8.3). The clariWed Wltered
samples were loaded onto and run through the Vivapure
Maxi Q spin columns under centrifugal force (500g). The columns were Wrst washed with 3 ml of 8 M urea containing 2%
Chaps (pH 8.3) and then washed Wve times with 5 ml of
500 mM NaCl. Heparin was released from the spin column
by washing three times with 1 ml of 2 M NaCl. The 2-M
NaCl washes from each sample were combined, and the
NaCl concentration was adjusted to 16%. Methanol (12 ml)
was added to aVord an 80 vol% solution, and the mixture
was incubated at 4 °C for 18 h. The resulting precipitate was
recovered by centrifugation (2500g) for 15 min, dissolved in
2.5 ml of water, and freeze-dried for further analysis. The
same procedure was applied to recover endogenous GAGs
from plasma with two exceptions. First, 50 ml of plasma was
used. Second, a reduced concentration of NaCl (100 mM)
was used to wash the Vivapure Maxi Q column prior to
releasing endogenous GAGs with 2 M NaCl. The recovered
heparin and endogenous GAGs were subjected to carbazole
assay [10], polyacrylamide gel electrophoresis (PAGE) [11],
disaccharide analysis [12], and 500 MHz 1H nuclear magnetic
resonance (NMR) analysis.
Heparin/Endogenous GAGs recovered from the plasma
samples were analyzed by PAGE with Alcian blue staining
(Figs. 1A and B). The plasma samples containing added
heparin showed a broad band with an average molecular
weight (MWavg) of 12,000 [11] and a polydispersity similar
to that of the added heparin (Fig. 1A, lanes 3–6). The
endogenous GAGs recovered from plasma showed
reduced staining intensity, polydispersity, and molecular
weight (MWavg »7500), appearing identical to a peptidoglycan prepared by actinase E treatment of bikunin
(Mochida Pharmaceuticals, Tokyo, Japan), a human
plasma proteoglycan trypsin inhibitor used in Japan as an
anti-tumor drug (Fig. 1A, lanes 7 and 8) [13]. The structure
of heparin and endogenous polysaccharide was next examined using speciWc polysaccharide lyases. PAGE analysis
clearly demonstrates that added heparin was sensitive only
to heparin lyases (Seikagaku, Tokyo, Japan), aVording a
prominent trisulfated disaccharide product corresponding
to UA2S–GlcNS6S (labeled “2” in Fig. 1B, lanes 2 and
3), whereas endogenous polysaccharide was sensitive only
to chondroitin ABC lyase (Seikagaku), aVording unsulfated and monosulfated disaccharide products that could
not be visualized with Alcian blue staining (Fig. 1B, lanes
4–6) [14].
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Fig. 1. Analysis of GAGs recovered from plasma. (A) Analysis of intact
GAGs. Lanes 1: heparin oligosaccharide standards; 2: plasma; 3: plasma
+ 60 g heparin; 4: plasma + 600 g heparin; 5: plasma + 3 mg heparin; 6:
heparin standard; 7: peptidoglycan standard; 8: endogenous GAGs. (B)
Analysis of lyase treated GAGs. Lanes 1: heparin standard treated with
heparin lyases; 2: heparin treated with chondroitin lyase ABC; 3: recovered heparin treated with heparin lyases; 4: peptidoglycan standard
treated with chondroitin lyase ABC; 5: endogenous GAGs treated with
chondroitin lyase ABC. 6: endogenous GAGs treated with heparin lyases.
(C–F) RPIP–HPLC disaccharide analysis [8]. (C) Heparin recovered from
plasma. (D) heparin standard. peaks (1–4) and areas (mole %) in panels C
and D correspond to UA–GlcNAc (7.2, 6.8), UA–GlcNS (8.4, 8.6),
UA–GlcNS6S (12, 11) and UA2S–GlcNS6S (68, 70), respectively. (E)
peptidoglycan recovered from plasma. (F) peptidoglycan standard. Peaks
(1 and 2) and areas (mole %) in panels E and F correspond to UA–GalNAc (62, 68) and UA–GalNAc4S (38, 32), respectively.

The recovered heparin aVords a mixture of disaccharides
when treated with heparin lyases 1, 2, and 3 (Seikagaku)
that was resolved by RPIP–HPLC and detected by postcolumn Xuorescence detection [8]. Analysis showed the presence of four major disaccharide products of the structures
UA–GlcNAc, UA–GlcNS, UA–GlcNS6S, and
UA2S–GlcNS6S (Fig. 1C). The presence of the major
disaccharide eluting at 28 min corresponding to UA2S–
GlcNS6S is entirely consistent with heparin. Moreover,
disaccharide analysis of the pharmaceutical heparin added
to the plasma aVorded an identical chromatogram
(Fig. 1D). The disaccharide analysis of the endogenous
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sulfate plasma peptidoglycan, bikunin. Approximately 90%
of heparin, at a concentration of 4 g/ml, was recovered
from 2 ml of plasma and in suYcient purity to be quantiWed
by carbazole assay and to have its molecular weight properties and disaccharide composition determined.
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Fig. 2. QuantiWcation of heparin/LMWH recovered from plasma. The
equation of the resulting curve is y D 0.64x + 8.70, r2 D 0.99. 䊊, Heparin
recovery from plasma using Maxi Q column; 䊏, heparin and 䉱, LMWH
recovered from plasma using Mini Q column.

polysaccharide recovered from human plasma showed two
peaks corresponding to UA–GalNAc and UA–GalNAc4S (Fig. 1E). The disaccharide analysis of bikunin was
identical (Fig. 1F), further indicating that this represents
the major endogenous plasma polysaccharide. Heparin
recovered from the sample containing 3 mg/10 ml of plasma
was dried, D2O exchanged, and analyzed by 500 MHz 1H
NMR. The resulting spectrum (not shown) was identical to
that of the pharmaceutical heparin standard.
The recovery of 0, 20, 40, 60, and 100 g of heparin from
10 ml of citrated human plasma was determined using a carbazole assay for uronic acids based on a heparin standard
curve. The amount of recovered GAG was plotted as a function of the amount of heparin added to each sample
(y D 0.64x + 8.70, r2 D 0.99) (Fig. 2). The slope of this curve
demonstrated a 64% recovery of exogenous heparin across the
concentration range tested, and the intercept suggested that
human plasma contains 0.87 g/ml of endogenous bikunin
GAG. Smaller Vivapure Mini Q spin columns (0.5 ml) were
used to optimize the recovery of heparin (4g/ml) and
LMWH prepared by oxidative cleavage (MWavg 4800,
74 IU/mg, Celsus Laboratories) (4g/ml) added to 2 ml of
plasma, aVording 92.5 and 80.5% recoveries of heparin and
LMWH, respectively, with very low assay variability (Fig. 2).
In summary, heparin and LMWH can be recovered from
human plasma using a simple procedure involving protease
digestion and strong anion-exchange chromatography on a
spin column, followed by salt release and methanol precipitation. The recovered heparin is free of most contaminants,
containing only 0.87 g/ml of the endogenous chondroitin
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