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An assay for the serum concentration of the enantiomers of warfarin, R-warfarin and S-warfarin, has
been developed using a bovine serum albumin chiral stationary phase (BSA-CSP) coupled to a Pin-
kerton internal-surface reverse-phase (ISRP) achiral column. The ISRP column is used to separate
R,S-warfarin from the serum components and warfarin metabolites and to quantitate the total R,S-
warfarin concentration. The eluent containing R, S-warfarin is then selectively transferred to the BSA-
CSP, where the enantiomers are stereochemically resolved (e = 1.19) and the enantiomeric composi-
tion is determined. This system is sensitive and accurate, does not require extensive precolumn ma-
nipulations, and can be automated for use in large-scale clinical studies.
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INTRODUCTION

Warfarin (3-(ax-acetonylbenzyl)-4-hydroxyxoumarin;
Fig. 1] is a chiral molecule that is administered as a racemic
mixture. The enantiomorphs of warfarin, (—)-S-warfarin (S-
War) and (+)-R-warfarin (R-War) differ in their potency,
rate of elimination, and plasma protein binding. For ex-
ample, in humans, the hypoprothombinemic effect of S-War
is two to five times greater than that of R-War (1-3), S-War
is eliminated from the body about two to four times more
rapidly than R-War (1,4,5), and S-War is more strongly
bound to human albumin than the R-isomer (6,7).

The pharmacological and pharmacokinetic differences
between the enantiomers of warfarin raise the issue of the
rapid and accurate determination of the serum concentration
of these isomers. A number of stereoselective assays have
been developed to accomplish this. The approaches include
the mass spectral analysis of a pseudoracemic mixture of
2C.R-War and 3C-S-War (4,8), the use of stereospecific an-
tibodies (9), and the high-performance liquid chromato-
graphic (HPLC) separation of diastereomeric derivatives
(10,11). The first two of these assays involve the use of
highly specialized and not readily available materials and the
latter assay contains lengthy extraction and derivatization
procedures.
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We have attempted to shorten and simplify the stereo-
selective assay of R-War and S-War through the use of enan-
tioselective HPLC. The stereochemical resolution of unde-
rivatized R-War and S-War has been reported using an
HPLC chiral stationary phase composed of immobilized bo-
vine serum albumin (BSA-CSP) (12). While this separation
was adequate for the analysis of warfarin standards, it could
not be directly used with serum samples due to interference
from serum components and warfarin metabolites. To over-
come this problem, the BSA-CSP was coupled to an achiral
precolumn—a Pinkerton internal-surface reverse-phase
(ISRP) column (13). In this system, which is diagramed in
Fig. 2, the ISRP column is used to separate R,S-War from
the serum components and warfarin metabolites and to
quantitate the total warfarin concentration. The eluent con-
taining R,S-War is then selectively transferred to the BSA-
CSP, where R- and S-War are stereochemically resolved and
the enantiomeric composition is determined. This system is
accurate, does not require extensive precolumn manipula-
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Fig. 1. The structure of warfarin.
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Fig. 2. A diagram of the coupled column system used in this study.

tions, and can be automated for use in large-scale clinical
studies.

EXPERIMENTAL

Apparatus. The achiral chromatography was per-
formed with a modular liquid chromatograph composed of a
Beckman 110B solvent delivery module pump (Beckman In-
struments, Inc., Houston, Tex.), a Spectra-Physics SP
8480XR scanning UV detector set at 225 nm (Spectra-
Physics, Santa Clara, Calif.), a Fisher Recordall Series 5000
recorder (Fisher Scientific, Pittsburgh, Pa.), a Rheodyne
7125 injection valve (Rainin Instruments, Co., Inc., Wo-
burn, Mass.), and a Pinkerton ISRP HPLC column (5 cm X
4.6-mm i.d., Regis Chemical Co., Morton Grove, IIL.).

The enantioselective chromatography was performed
with a modular liquid chromatograph composed of a
Beckman 110B solvent delivery module pump, a Spectra-
Physics Spectraflow 980 fluorescence detector (excitation,
310 nm; emmission, 370 nm), a Shimadzu C-R6A Chroma-
topac integrator (Shimadzu Scientific Instruments, Inc., Co-
lumbia, Md.), and a commercially packed chiral-phase
HPLC column composed of bovine serum albumin immobi-
lized on 10-pm spherical silica (Resolvosil, Rainin Instru-
ments Co., Inc.). The column temperature was maintained
within +0.1°C of the desired setting with a Forma Scientific
Model 2006 circulating water bath (VWR Scientific, Chi-
cago, Ill.) and an Alltech HPLC column water jacket (All-
tech, Deerfield, Il1.).

The two systems were connected through a Rheodyne
Model 7010 switching valve equipped with a pneumatic ac-
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tuator and a 1-ml sample loop (Fig. 2). When the eluent frac-
tion from column 1 containing R, S-warfarin was detected in
detector 1, the switching valve was rotated and the eluent
flow diverted to the sample loop on column 2. After 60 sec
the switching valve was rotated and the eluent fraction con-
taining R,S-warfarin was injected onto column 2.

Chemicals. Racemic warfarin was purchased from
Sigma Co. (St. Louis, Mo.). The warfarin enantiomers,
R-War and S-War, were prepared using the method de-
scribed by West ef al. (14). The warfarin metabolites 4'-hy-
droxywarfarin, 6-hydroxywarfarin, 7-hydroxywarfarin, and
8-hydroxywarfarin and warfarin alcohols were provided by
Professor W. F. Trager, University of Washington, Seattle.
Trichloroacetic acid was purchased from J. T. Baker Chem-
ical Co. (Phillipsburg, N.J.) and the HPLC-grade 1-propanol
was purchased from American Scientific (Muskegon,
Mich.). Benoxaprofen was obtained from Eli Lilly and Co.
(Indianapolis, Ind.). The other chemicals were reagent grade
and used as purchased.

Chromatographic Conditions. The mobile phase used
in the achiral chromatography was composed of 0.2 M phos-
phate buffer (pH 6.5):1-propanol (99:1). The chromatog-
raphy was carried out at room temperature with a flow rate
of 1 ml/min.

The mobile phase used in the enantioselective chroma-
tography was composed of 0.2 M phosphate buffer (pH
7.5):1-propanol (97:3) modified with 3 mM trichloroacetic
acid. The chromatography was carried out at 30°C with a
flow rate of 1 ml/min.

Sample Preparation. A 7-pl aliquot of the internal
standard (benoxaprofen, 206 pg/ml in 0.2 M phosphate
buffer, pH 10.0) was added to a 100-pl serum sample. This
was followed by the addition of 1 ml acetonitrile. The mix-
ture was vortexed for 1 min, then centrifuged for 5 min, and
the supernatant was collected and dried under a stream of
nitrogen. The resulting residue was reconstituted in 100 ul of
phosphate buffer (0.2 M, pH 10.0) and injected onto the
chromatographic system.

Standard Curves. A standard curve was constructed by
adding a known amount of R,S-War to pooled serum ob-
tained from the blood bank of St. Jude Children’s Research
Hospital. Samples containing total warfarin concentrations
of 1.25,2.5, 5.0, 10.0, and 20 pg/ml were used to prepare the
standard curve. Six determinations were obtained at each
concentration. R,S-War concentrations of 25 ng/ml can be
detected and reliably quantified.

Clinical Samples. The clinical samples analyzed in this
study were obtained from an investigation of the effect of
cimetidine on the pharmacokinetics of warfarin. The sub-
jects in this study received a daily dose of warfarin (max-
imum, 15 mg/day) and various doses of cimetidine. Blood
samples were collected at specified times, then allowed to
clot, and the serum was harvested. The serum was then
frozen at —20°C until analyzed.

RESULTS AND DISCUSSION

Achiral Chromatography

The results from the chromatography of warfarin, the
major warfarin metabolites, and benoxaprofen on the ISRP
column are presented in Table 1. These results indicate that
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Table I. Chromatographic Results

Chu and Wainer

Table II. Precision and Accuracy

BSA column® Achiral Sample A Sample B
ISRP column,?
Compound k'? k'4 k',e o/ Within day (N = 6)
Spiked concentration (ug/ml) 1.25 10.00
Warfarin 2.75 6.40 7.64 119 Mean determined concentration
4’'-Hydroxy warfarin 1.56 *4.20 4.20 1.0 (ug/ml) 1.24 11.10
6-Hydroxy warfarin 1.69 4.90 4.90 1.0 CV (%) 3.74 4.00
7-Hydroxy warfarin 1.09 5.60 7.20 1.29  Between day (N = 6)
8-Hydroxy warfarin 2.16 6.30 7.30 1.16 Spiked concentration (ug/mi) 1.25 12.50
Warfarin alcohols 2.28 5.10 5.90 1.16 Mean determined concentration
Benoxaprofen 4.75 (ng/ml) 1.25 11.40
X CV (%) 2.60 1.20
2 Mobile phase, 0.2 M phosphate buffer (pH 6.5):1-propanol (99:1);
flow rate, 1 ml/min; temperature, ambient. Chiral S-Warfarin R-Warfarin
& Capacity factor.
< Mobile phase, 0.2 M phosphate buffer (pH 7.5):1-propanol (97:3) Between day (N = 7)
modified with 3 mM trichloroacetic acid; flow rate, 1 ml/min; tem- Area percentage 50.0 50
perature, 30°C. Mean determined area
4 Capacity factor of first eluted enantiomer. percentage 55.6 44.4
¢ Capacity factor of second eluted enantiomer. CV %) 0.9 1.0

f Stereochemical selectivity.

warfarin can be separated from its major metabolites using
the chromatographic conditions described in this paper.
Representative chromatograms of 100 pl of blank serum and
100 pl of serum spiked with R,S-warfarin (10 pg/ml) and
benoxaprofen (7 pl of a 206 pwg/ml solution) are presented in
Figs. 3A and B, respectively.

The standard curve for R,S-warfarin was linear over the
range investigated. The equation describing the curve was y
= (0.714x + 0.013, with a correlation coefficient of 0.999.
The within-day and between-day measurements were done
with 1.25 and 10.0 pg/ml samples of warfarin (within day)
and 1.25 and 12.5 pg/ml samples of warfarin (between day).
The precision and accuracy are summarized in Table II. The
extraction efficiency averaged 95.1% over a 100-fold con-
centration range (Table III).

The chromatogram resulting from the analysis of a

Lo v a o
16 24 32

T I I B T T e NI
0 8 16 24 32 0 8 1 24 32 0 8

Time (min)

Fig. 3. Representative chromatograms on the achiral ISRP column
for (A) an extracted blank serum sample, (B) a serum sample spiked
with 10 pg/ml R,S-warfarin and internal standard, and (C) a serum
sample from the clinical study. I, R,S-warfarin; II, benoxaprofen
(internal standard).

serum sample from one of the subjects in the clinical study is
presented in Fig. 3C. The peaks that elute between warfarin
(I) and benoxaprofen (II) have not been identified.

Enantioselective Chromatography

The results from the chromatography of warfarin and
the major warfarin metabolites on the BSA-CSP are pre-
sented in Table I. The elution order of (S)-warfarin and (R)-
warfarin was determined using unequal mixtures of the re-
solved enantiomers. Under the chromatographic conditions
employed in this study, (S)-warfarin elutes first, with a ca-
pacity factor (k') of 6.40, while the &’ for (R)-warfarin is 7.64.
The observed stereochemical selectivity (o) was 1.19 and
the stereochemical resolution factor (R, was 1.05. It is of
interest to note that the enantiomers of 7-hydroxywarfarin
and 8-hydroxywarfarin were also resolved (¢ = 1.29 and
1.16, respectively), as were the diastereomeric warfarin al-
cohols (a« = 1.16). However, 4'-hydroxywarfarin and 6-hy-
droxywarfarin were not resolved using these chromato-
graphic conditions.

Representative chromatograms of 100 pl of blank serum
and 100 pl of serum spiked with R,S-warfarin (5 pg/ml) are
presented in Figs. 4A and B, respectively. The chromato-
gram resulting from the analysis of a serum sample from one
of the subjects in the clinical study is presented in Fig. 4C.

The determination of the enantiomeric composition of
the warfarin samples is based upon the relative peak areas of
the two isomers. The precision and accuracy of this mea-
surement were determined using a stock serum sample con-
taining 5 pg/ml of R,S-warfarin (i.e., 2.5 pg/ml of each enan-

Table III. Percentage Recovery from Serum

Sample (pg/ml) Percentage recovery?®

0.5 95.3
5.0 95.7
50.0 94.2

a Average of six determinations.
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Fig. 4. Representative chromatograms on the chiral BSA-CSP
column for (A) an extracted blank serum sample, (B) a serum
sample spiked with 5 pg/ml R,S-warfarin, and (C) a serum sample
from the clinical study. S-I S-warfarin; R-1 R-warfarin.

tiomer). The mean determined area percentage for each en-
antiomer of a racemic mixture should be 50%. However, the
experimentally determined areas for S-warfarin and R-war-
farin were 55.6 and 44.4%, respectively (Table II). This dif-
ference is due to the incomplete chromatographic resolution
of the two warfarin peaks and their shapes (Fig. 4). Since the
ratio of the observed area percentage was not unity, a cor-
rection factor of 1.11 was used to calculate the actual per-
centage composition of each enantiomer. The observed area
percentage of S-warfarin was divided by this factor, while
the observed area percentage of R-warfarin was multiplied
by this factor. This correction factor is applicable to a wide
range of R/S ratios.

Clinical Samples

Nine clinical samples from a study of the interaction
between warfarin and cimetidine were analyzed using this
method and the results are presented in Table IV. The total
concentration of R,S-warfarin ([R,S-War]) was first deter-
mined using the ISRP column. A second analysis was then
performed using the coupled ISRP and BSA-CSP columns to
determine the area percentage of S-warfarin (%S-War) and
R-warfarin (%R-War). The total amounts of S-warfarin and
R-warfarin were determined using the following equations:

[R,S-War] X (%S-War)
[R,S-War] x (%R-War)

total S-warfarin =
total R-warfarin

fl

The results of this study will be reported elsewhere.

CONCLUSION

A number of HPLC chiral stationary phases use
aqueous mobile phases and are able to resolve stereochemi-
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Table IV. The Serum Concentration of S-(—)- and R-(+)-Warfarin

Patient S-(—)-Warfarin R-(+)-Warfarin
No. Day Hour (ng/ml) (pg/ml)
1 21 10 0.23 2.12
2 49 6 0.42 1.48
2 49 8 0.22 1.15
3 49 4 0.50 0.94
4 21 4 0.20 1.85
4 21 10 0.12 1.84
5 21 1 0.32 0.90
5 49 2 0.30 0.97
5 49 10 0.22 0.62

cally enantiomeric molecules without procolumn derivatiza-
tion. These phases include the BSA-CSP used in this study
as well as chiral phases based on immobilized «-1-acid gly-
coprotein and cylcodextrin. These phases can be easily cou-
pled to achiral reverse-phase precolumns, and the resulting
systems used for the direct analysis of biological samples.
The assay described in this paper is an example of this ap-
proach.
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