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Abstract

A sensitive stereoselective bioanalytical liquid chromatographic assay with mass spectrometric detection (LC–MS) was developed and
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alidated for the on-line extraction and quantification ofR- andS-methadone and the primary metaboliteR- andS-2-ethylidene-1,5-dimethy
,3-diphenylpyrrolidine (EDDP) from human plasma. Deproteinized plasma was injected directly onto a small C8 column, wa

hen back-flushed using a column switching valve and a second pump onto an�1-acid glycoprotein analytical column, and enantioselec
eparation achieved using a mobile phase gradient of methanol and ammonium formate. Analytes were validated over a range of 0
- andS-EDDP and 0.1–100 ng/mlR- andS-methadone, respectively. Unweighted standard curves were linear over this concentratio

regression coefficients >0.999). Quality control samples were evaluated at 1, 5, 12.5 ng/mlR- andS-EDDP and 1, 10, 50 ng/mlR- andS-
ethadone. Intra- and inter-day accuracy was >95%, and intra- and inter-day coefficients of variation were less than 10% for all a

oncentrations. This assay represents the only method currently available which combines on-line extraction and achieves chira
f both methadone and EDDP from plasma, and offers improvements in sensitivity over existing methods.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Methadone (6-dimethylamino-4,4-diphenyl-3-heptone
ydrochloride) is a synthetic opioid agonist widely used

n the prevention of opiate abstinence syndrome and as
n analgesic in patients with moderate and severe pain

1–4]. Methadone is the cornerstone of opiate addiction
herapy, and methadone maintenance is a vital public health
trategy for HIV/AIDS risk reduction[5]. Methadone is
hiral, possessing a single asymmetric carbon atom, and
s administered clinically in many countries as a racemic

ixture ofR(−) andS(+) enantiomers. The main metabolic
athway for methadone inactivation isN-demethylation to

∗ Corresponding author. Tel.: +1 206 543 4070; fax: +1 206 685 3079.
E-mail address:kharasch@u.washington.edu (E.D. Kharasch).

2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDD
which is also chiral (Fig. 1).

There are stereoselective differences in methadone
macodynamics and pharmacokinetics[6,7]R-methadone ha
a higher�-opiod receptor affinity, and the analgesic pote
is up to 50 times greater than that of theS-enantiomer[8,9]. It
has also been reported thatR-methadone has a longer plas
elimination half-life thanS-methadone[10,11] and that the
enantiomers bind differently to human plasma proteins[12].
Due to interindividual variability in the pharmacokinetics
methadone, and potential for drug interactions[13,14], dose
adjustments are often required to prevent withdrawal sy
toms and manage pain. For therapeutic monitoring, as
as for investigations regarding methadone pharmacokin
and drug interactions, there is considerable interest in an
ical methods for the quantitation of methadone and EDD
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Fig. 1. The chemical structure of methadone and EDDP. The asterisk indi-
cates the position of the asymmetric carbon in both compounds.

Several analytical procedures have been developed for
the chiral analysis of methadone and/or EDDP. Capillary
electrophoresis has been shown to obtain chiral separation
of both methadone and EDDP in urine[15–17], however this
method has been infrequently applied to plasma[16], per-
haps due to the lack of sensitivity. Gas chromatography can
achieve chiral methadone separation, however this was not
applied to chiral EDDP separation, and an extensive deriva-
tizing process was necessary for sample preparation[18].
Furthermore, the high temperature in gas chromatograph
injectors causes decomposition of methadone to EDDP,
creating an artifact, and confounds the quantification of both
analytes[19]. Liquid chromatography, using detection orig-
inally with ultraviolet absorption[20–29]and subsequently
with mass spectrometry (LC–MS)[30–34] has become the
most common method to achieve stereoselective separation
of methadone and EDDP. Stationary phases such as cellulose
[25,33], cyclodextrin[22,24,25,28], and�1-acid glycopro-
tein (AGP) [20,21,23,25–27,29–32,34], have been shown
to successfully separate enantiomers of methadone, either
alone[20–23,25,26,28,31–33]or simultaneously with EDDP
[24,27,29,30,34], from serum or plasma[20–24,26,28,33],
urine [24,27,29] saliva [32,34], hair [30], or sweat[31].
The use of these chiral stationary phases coupled with
mass spectrometry provides the most sensitive and specific
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preparation procedures are often costly and time consuming.
The effectiveness of using on-line extraction for sample
preparation, without protein precipitation prior to injection,
has recently been demonstrated for methadone and EDDP
analysis in plasma, however this method did not address
the chiral separation of methadone or EDDP, and lacked
sensitivity (limit of quantification 10–25 ng/ml)[41,42]. A
protein precipitation step before on-line injection improved
the limit of detection, however this method was achiral, an-
alyzed saliva, and required tandem mass spectrometry[43].
Hence, there is presently no method for on-line extraction
of both methadone and EDDP, amenable to sensitive, chiral
analysis of plasma by LC–MS.

This paper presents the development and validation of a
method for the simultaneous stereoselective determination of
the enantiomers of methadone and EDDP in human plasma,
using on-line extraction and high-pressure liquid chromatog-
raphy mass spectrometry. The assay was sensitive (0.1 ng/ml
for both enantiomers of methadone and EDDP) and robust.

2. Experimental

2.1. Materials
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nalytical methods. Nevertheless, of the methods publ
or simultaneous chiral separation and quantification of
ethadone and EDDP, only one has been applied t
nalysis of plasma[24], while the others have been appl

o hair[30], urine[27,29], and saliva[34], and only two hav
sed mass spectrometric detection[30,34]. The only metho
hich has been used to analyze plasma used ultra
etection, and lacked sensitivity (10–20 ng/ml)[24]. Even

he most sensitive LC–MS assay, used to quantify metha
nd EDDP in saliva, had a limit of quantification of 5 ng
ethadone[34]. Hence, there is presently no LC–MS as

or the simultaneous quantification of methadone and E
nantiomers in plasma.

Both liquid–liquid extraction[20–24,26–30]and more
ecently solid phase extraction (SPE)[26,35–40]have bee
ypically used to isolate methadone and/or EDDP f
arious biological matrices prior to analysis. These sam
(±)-(6-Dimethyamino-4,4-diphenyl-heptan-3-one)
rochloride (methadone) was purchased from Sigma
ouis, MO). (±)-6-Di(trideuteromethyl)amino-4,4-d
henyl-1-trideuteromethyl-3-heptanone (d9-methad
as from Cerilliant (Austin, TX). (±)-2-Ethyl-1,5-dimethyl
,3-diphenylpyrrolimium perchlorate (EDDP) and [eth
′,2′,2′-2H3]-3,3-diphenyl-2-ethyl-5-methyl-1-pyrroline h
rochloride (d3-EDDP) were obtained from the Natio

nstitute of Drug Abuse. HPLC-grade methanol, zinc sulf
lacial acetic acid, ammonium formate were from Fis
cientific (Pittsburgh, PA). All stock drug solutions, buffe
nd HPLC mobile phase were prepared using Milli-Q g
ater (Millipore, Bedford, MA). Outdated human plas
as pooled from several donors.

.2. Sample preparation

Plasma was deproteinated prior to LC–MS analy
ubject plasma, calibration, or quality control sam

0.25 ml) were pipetted into a polypropylene 96-w
2.2 ml) plate. Internal standard mix (120�l, consisting
f 2.4 ng RS-d3-EDDP (1.2 ng of each enantiomer) a
2 ngRS-d9-methadone (6 ng of each enantiomer) in 0.
nSO4, prepared daily from a concentrated stock) was a

o each sample. Samples were vortexed for 5 min, the
as placed at 4◦C for 10 min, then 480�l of cold methano

−18◦C) was added to each sample. The plate was vor
gain for 5 min and centrifuged at 12,000 rpm for 15 mi
ellet proteins. The supernatant was removed and evapo

o dryness at 65◦C under nitrogen (TurboVap 96-well pla
vaporator, Zymark, Hopkington MA). Samples w
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reconstituted with 325�l of 20 mM ammonium formate
(adjusted to pH 5.7 with formic acid).

2.3. On-line extraction and chiral separation

The column switching system included an Agilent (Palo
Alto, CA) 1100 series HPLC with two 1100 series binary
solvent pumps (one for sample loading and washing, the
other for chiral separation), a 96-well plate auto sampler with
500�l injection loop, and a six-port switching valve. A Meta-
guard Polaris C8-A guard column (12.0 mm×2.0 mm, 5�m)
(Varian, Torrance, CA) was used as an inline sample extrac-
tion column for methadone and EDDP. Chiral separation of
methadone and EDDP was achieved using a Chiral-AGP an-
alytical column (100 mm× 2.0 mm, 5�m) with a Chiral-
AGP (12 mm× 2.0 mm) guard column (ChromTech Ltd.,
Cheshire, UK).

Reconstituted deproteinated plasma (100�l) was injected
onto the Metaguard column and then washed with a mo-
bile phase of 100% 20 mM ammonium formate (pH 5.7) at
5 ml/min. Simultaneously, the analytical column was condi-
tioned with 20 mM ammonium formate (pH 5.7): methanol
(9:1) at 0.22 ml/min. After 1 min, the valve was switched
to back-flush the analytes from the Metaguard onto the an-
alytical column with 20 mM ammonium formate (pH 5.7):
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Fig. 2. Representative chromatogram of the low quality control sample
(1 ng/ml of both enantiomers of EDDP and methadone) extracted using the
on-line-extraction technique described inSection 2.3. Internal standard con-
centrations were 1.2 ng/sample ofR- andS-d3 EDDP and 6 ng/sample ofR-
andS-d9 methadone.

70 V. All analytes were monitored in the same ion group:m/z
278.1 and 281.1 for EDDP and d3-EDDP,m/z310.1 andm/z
319.1 for methadone and d9-methadone.

2.5. Calibration standards and quality control samples

Dilutions of stock solutions containing methadone, EDDP,
and their corresponding deuterated internal standards were
prepared from racemic mixtures in water and stored at
−20◦C. Calibration curves were obtained by analyzing drug-
free plasma to which was addedR- andS-EDDP at 0.1, 0.25,
0.5, 1, 2.5, 5, 7.5, 12.5, 25 ng/ml of each enantiomer, and
R- andS-methadone at 0.5, 1, 2.5, 10, 25, 50, 100 ng/ml of
each enantiomer. Quality control (QC) samples in plasma
(1, 5, 12.5 ng/ml eachR- andS-EDDP; 1, 10, 50 ng/ml each

F stan-
d

ethanol (9:1). After 4 min the valve was switched bac
osition 1 and the methanol concentration in the analy
olumn eluent was increased to 25% over the next 1.5
aintained for 2.5 min, then further increased to 30%
.5 min and maintained for 6.5 min before decreasing
own to 10% to re-equilibrate the column for 5 min.
ultaneously, the Metaguard extraction column was wa
y increasing the methanol concentration to 90% ove
ext 7 min at 0.5 ml/min and held at 90% for 2 min, then
quilibrated to 100% 20 mM ammonium formate (pH 5
rior to the next injection. According to recommendati
f the manufacturer, the analytical column was flushed
eionized water:isopropanol (75:25) after each sampl
typically 100 samples) to remove potential accumula
f interferences not removed by the on-line extraction
ess. Total run time per sample and equilibration was 21
nder these conditions, the retention times were 12.5
6.2 min forR- andS-EDDP, and 13.3 and 15.5 min forR-
ndS-methadone, respectively.Fig. 2 shows a typical chro
atogram of a calibration control sample (1 ng/ml of e
nantiomer of EDDP and methadone) andFig. 3 shows a
hromatogram of blank plasma containing internal stand
nantiomeric resolution (Rs) was 2.0 and 3.8 for methado
nd EDDP, respectively.

.4. Mass spectrometry

The Agilent 1100 series mass spectrometer was
ted in positive electrospray ionization mode. Param
ere: nitrogen drying gas at 10 L/min and 350◦C, nebulize
ressure 206.7 kPa, capillary voltage 3500 V, and fragm
ig. 3. Representative chromatogram of blank plasma with internal
ards extracted using the technique described inSection 2.3.
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R- andS-methadone) were prepared from separate dilutions
of stocks than those used for the calibration curves. Calibra-
tion and QC samples were aliquotted and stored at−20◦C
until extracted. Calibration and QC samples were analyzed
daily with the analytical samples. Standard curves were con-
structed using linear regression. The acceptance standard for
the calibration curves was a regression coefficient (r2) >0.95
and back-calculated values of calibrations standards that de-
viated≤15% from nominal and less than 20% at the limit of
quantification.

2.6. Method validation

Accuracy and precision (coefficient of variation, %CV)
were evaluated at three concentrations using QC samples for
each analyte. The assay was considered acceptable if the vari-
ation and deviation were <20% at the low QC (including di-
luted samples) and <15% for medium and high QC samples
for intra- and inter-day runs.

Recovery from the protein precipitation step was calcu-
lated by comparing the peak area of the analyte, added to
and precipitated from plasma, compared to the same concen-
tration in water. For this analysis, on-line extraction was not
used. Recovery for the on-line extraction step was also de-
termined by comparing peak areas of the analytes in water,
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extracted and run in the same session. Reconstituted extracted
samples were subjected to two conditions: 48 h at 4◦C and
48 h at room temperature. Robustness (capacity of the as-
say to remain unaffected by small deliberate changes) was
determined by comparing results obtained from QC sam-
ples extracted with different lots of Varian Metaguard and
ChromTech chiral AGP columns.

2.7. Method application

The method was applied to samples obtained from a clin-
ical investigation of methadone disposition, which was ap-
proved by the University of Washington Institutional Review
Board and performed after obtaining written informed con-
sent of the research subject. The subject received 6 mg IV
methadone HCl and 11.2 mg oral methadone HCl, and venous
blood samples were obtained for 96 h. Plasma was stored at
−20◦C prior to analysis.

3. Results and discussion

3.1. Protein precipitation and extraction procedure

Methods used for treating biological samples prior to their
i phy
s tion,
e . For
e from
t ents,
a trix
c plest
a r, in-
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r lumn
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f ently
o

lu-
a , and
i and
p ctive
p ating
b ples
p de-
c when
t eriod,
s s not
xtracted using the column switching procedure desc
bove, to the same sample injected directly onto the c
olumn. The assay was considered acceptable if recove
owed sub-nanogram levels to be detected.

Specificity testing evaluated potential interference f
ther sample components. Since this method was des

or clinical studies to assess potential pharmacokineti
eractions between HIV protease inhibitors and methad
everal protease inhibitors were added to QC pla
amples to check for potential interference. Two sample
f plasma were prepared at medium (5 ng/ml EDDP
0 ng/ml methadone, eachR- andS-) and high (12.5 ng/m
DDP and 50 ng/ml methadone, eachR- andS-) concen

rations, to which was added 8�g/ml indinavir, 5�g/ml
elfinavir, and 10�g/ml ritonavir. These antiretrovir
rug concentrations were based on the maximum pl
oncentration anticipated from previous studies[44]. Also
ested was the possibility of interference from hemoly
ed blood cells in the plasma samples tested. Red blood
25�l) were added to the sample prior to each extractio

The limit of detection (LOD) was defined as a signa
oise ratio of 2:1. The limit of quantification (LOQ) was

owest concentration on the standard curve with an ac
ble level of variation (<20%) and a signal to noise r
10:1.

Stability of EDDP and methadone was assessed in
ral ways. Un-extracted QC plasma samples were subj

o three freeze/thaw cycles. Frozen QC samples were l
oom temperature for 3 h then refrozen, and this proces
eated on two consecutive days. The accuracy of this sa
et was determined by comparison of untreated QC sam
ntroduction into a high-performance liquid chromatogra
ystem generally fall into three categories—direct injec
xtraction and more recently, on-line sample extraction
xtraction methods, the analytes of interest are removed
he matrix, in this case plasma, using proper sorbent, solv
nd pH conditions, while leaving behind unwanted ma
omponents. The direct injection technique is the sim
nd most rapid method for sample preparation. Howeve

ections without some form of minimal clean up resul
apid increase in back pressure and deterioration of co
erformance. To eliminate this potential problem protein
ipitation is commonly used for fast sample clean-up and
uption of protein–drug binding[45,46]. With the application
f 96-well extraction plates, the number of samples prep
er unit time is greatly increased over liquid–liquid extr

ion methods. However, these solid phase extraction p
re expensive and greatly reduce the cost efficiency

arge sample numbers are to be analyzed. If used effect
rotein precipitation can provide sufficient clean up at

raction of the cost when compared to SPE devices curr
n the market.

Multiple methods for protein precipitation were eva
ted. Various organic solvents (methanol, acentonitrile

sopropanol), and acids (trichloroacetic, phosphoric,
erchloric), were evaluated to determine the most effe
rotein precipitation method for plasma samples (evalu
oth analytes recovery and removal of interferents). Sam
recipitated with 10% (w/v) trichloroacetic acid showed
reases in the ion abundance of methadone and EDDP
he same sample was repeatedly injected over a 24 h p
uggesting continuous analyte degradation in sample
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immediately injected. The supernatant of samples treated
with phosphoric acid was cloudy and a poor pellet was
formed after centrifugation. Although 6% (w/v) perchloric
acid was effective for precipitation of proteins and yielded a
clear supernatant, insoluble perchlorate salts would contin-
uously precipitate, even after centrifugation. This would be
problematic if salts continued to precipitate and were intro-
duced to the on-line extraction column or analytical column.
Acetonitrile was evaluated for protein precipitation[33,43],
however recovery was less than with zinc sulfate. In addition,
any residual acetonitrile in the evaporated samples after
precipitation resulted in incomplete analyte retention on the
C8 inline extraction column, and hence decreased recovery.
The best results were obtained using sequential addition of
0.4 M aqueous zinc sulfate and methanol, which provided a
clear supernatant, a condensed pellet of protein, and minimal
loss of methadone and EDDP. Step-wise addition of zinc
sulfate, vortexing, cooling for 15 min, addition of cold
methanol, vortexing, and refrigeration prior to centrifuga-
tion, provided the best results. The stepwise addition of zinc
sulfate then methanol, with cooling, increased the recovery
of both methadone and EDDP by over 40% compared to
addition of premixed zinc sulfate and methanol without
cooling.

A major challenge for this assay was to identify an on-line
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Recovery from the Metaguard column was >60 % for
methadone enantiomers and >87% for EDDP enantiomers
(Table 1).

3.2. Chromatography

Multiple columns were tested for simultaneous chiral sep-
aration of both methadone and EDDP, with an initial pref-
erence for a non-protein stationary phase. Eight columns
were tested (Whelk-01, ULMO, DACH-DNB, Pirkle 1-J,
�-GEM, �-Burke 2, Phenylglycine, Luecine) by a vendor
(Regis Technologies, Inc, Morton Grove, IL). Only the�-
Burke 2 was reported to separate methadone enantiomers
and none were said to resolve EDDP enantiomers, and fur-
ther attempts to optimize separation using a non-protein
stationary phase were not pursued. Chiral methadone sep-
aration with an AGP column was known[21,25,32], so
the ability to separate both methadone and EDDP enan-
tiomers was evaluated using this stationary phase. Multiple
buffered aqueous mobile phases were tested and a mobile
phase was identified which could separate both enantiomers
of methadone as well as both enantiomers of methadone
EDDP (aqueous ammonium formate:methanol gradient).
Mobile phase pH was an important factor for resolution of
both analytes, but particularly for methadone. For exam-
p n of
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otein
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xtraction column that was compatible with the mo
hase used for the chiral AGP column. Preliminary tests
stablished the mobile phase for the chiral AGP column (

nitial methanol). The on-line extraction column neede
etain both methadone and EDDP under nearly aqueous
itions, yet elute both analytes with a low enough percen
f organic solvent to permit enantiomeric separation on
hiral AGP column. Based on Christians et al.[47] an on-line
xtraction procedure was established and multiple extra
olumns, typical HPLC guard columns or cartridges, w
ested. Guard columns for evaluation were chosen b
n stability in 100% aqueous, packing material, par
ize, carbon loading, and technical recommendations
ajority of guard columns tested for on-line extract
emonstrated analyte binding affinity great enough tha
ercentage of organic solvent needed to elute metha
nd EDDP from the packing material was too high
ermit resolution on the subsequent analytical column.
ax Bonus-RP and Zorbax 300SB-C8 guard columns (
.1 mm× 12.5 mm, 5 um) (Agilent) needed greater than 3
ethanol to elute methadone and EDDP. Strata-X (2.0
20 mm) (Phenomenex) poorly retained methadone

DDP during loading, which greatly diminished recove
nitial results using Zorbax XDB C8 (2.1 mm× 12.5 mm
�m) (Agilent) or C18 (4.0 mm× 2.0 mm, 10�m) (Poulter
cientific) were promising, but the peak areas of
nalytes decreased more than 40% over extended inje
<60). Metaguard Polaris C8-A (2.0 mm× 12.5 mm, 5�m)
Varian) retained both methadone and EDDP under 1
queous conditions, permitted the elution of both ana
sing 10% methanol, and showed stable packing mat
le, a shift from pH 5.2 to 5.7 increased the resolutio
ethadone enantiomers from a 25% valley to full base

eparation.

.3. Validation

Less than 30–40% of methadone was lost due to pr
recipitation at low (1 ng/ml) concentrations, and less
0% at higher concentrations. Less than 20% of EDDP

ost due to protein precipitation at all concentrations. Re
ry from the on-line extraction process was excellent,
eeding 93% at low analyte concentrations, and essen
omplete at higher concentrations (Table 1).

Precision and accuracy for intra- and inter-day quality c
rol samples are summarized inTable 2. The coefficient o
ariation (CV) for both inter and intra-day determinatio
as <6% at the medium and high quality control conc

rations and <9% at the low quality control concentratio
or both methadone and EDDP enantiomers. Accuracy
95% for all analytes at all concentrations. Dilutions of h
uality control samples were within 16% of expected con

rations with a CV <19% for both analytes and enantiom
Table 3). Inter-day comparisons of calibration standards
rovided inTable 4. The assay was linear up the high
oncentration (25 ng/ml forR- andS-EDDP and 100 ng/m
or R- andS-methadone). The inter-day CV was≤18% for
ll analytes. The accuracy for all calibration standards
ithin 7 and 14% of the expected values for bothR- andS-
ethadone and 6 and 14% for bothR- andS-EDDP. Linearity
f all calibration curves was excellent (r2 > 0.999), withou
eighting.
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Table 1
Analyte recovery

Protein precipitation recoverya On-line extraction recoveryb

Low QC Medium QC High QC Low QC Medium QC High QC

(R)-Methadone (ng/ml) 1 10 50 1 10 50
Recovery (%) 60± 7 81± 5 89± 14 93± 11 102± 7 100± 4

(S)-Methadone (ng/ml) 1 10 50 1 10 50
Recovery (%) 71± 8 83± 4 92± 12 94± 14 101± 7 102± 5

(R)-EDDP (ng/ml) 1 5 12.5 1 5 12.5
Recovery (%) 95± 12 80± 7 89± 11 94± 7 106± 6 105± 3

(S)-EDDP (ng/ml) 1 5 12.5 1 5 12.5
Recovery (%) 87± 6 81± 6 90± 8 97± 1 104± 7 98± 4

All results are the mean± S.D. (n = 5).
a Protein precipitation recovery was determined by comparing the peak area of the analyte, added to and precipitated from plasma, compared to the same

concentration in water. For this analysis, on-line extraction was not used.
b On-line extraction recovery was determined by comparing peak areas of the analytes in water, extracted using the column switching procedure, to the same

sample injected directly onto the chiral column.

Table 2
Accuracy and precision of quality control samples

Intra-day (n = 5) Inter-day (n = 6)

Low QC Medium QC High QC Low QC Medium QC High QC

(R)-Methadone (ng/ml) 1 10 50 1 10 50
Mean± S.D. 1.01± 0.09 10.3± 0.51 49.4± 1.5 0.97± 0.04 10.1± 0.42 49.8± 0.9
CV (%) 9 5 3 4 4 2
Accuracy (%) 101 103 99 97 102 100

(S)-Methadone (ng/ml) 1 10 50 1 10 50
Mean± S.D. 0.99± 0.12 9.95± 0.51 50.8± 3.3 0.96± 0.03 9.96± 0.32 50.2± 1.2
CV (%) 8 5 6 3 3 2
Accuracy (%) 99 100 102 103 100 100

(R)-EDDP (ng/ml) 1 5 12.5 1 5 12.5
Mean± S.D. 0.97± 0.03 5.07± 0.29 12.9± 0.28 0.99± 0.03 5.05± 0.09 12.6± 0.2
CV (%) 3 6 2 3 2 2
Accuracy (%) 97 101 103 99 101 101

(S)-EDDP (ng/ml) 1 5 12.5 1 5 12.5
Mean± S.D. 0.95± 0.03 5.11± 0.25 12.9± 0.23 0.96± 0.03 4.95± 0.16 12.8± 0.5
CV (%) 3 5 2 4 3 4
Accuracy (%) 95 102 103 96 99 102

Table 3
Dilution (10-fold) evaluations

Intra-day (n = 5) Inter-day (n = 5)
High QC High QC

(R)-Methadone (ng/ml) 5 5
Mean± S.D. 5.34± 0.17 5.58± 1.1
CV (%) 3 19
Accuracy (%) 107 112

(S)-Methadone (ng/ml) 5 5
Mean± S.D. 5.24± 0.31 5.51± 0.94
CV (%) 6 17
Accuracy (%) 105 110

(R)-EDDP (ng/ml) 1.25 1.25
Mean± S.D. 1.45± 0.03 1.34± 0.09
CV (%) 2 7
Accuracy (%) 116 107

(S)-EDDP (ng/ml) 1.25 1.25
Mean± S.D. 1.42± 0.03 1.33± 0.08
CV (%) 2 6
Accuracy (%) 114 106

The limit of quantification was 0.1 ng/ml forR- andS-
EDDP andR- andS-methadone. Both EDDP and methadone
were detectable at concentrations less than 0.1 ng/ml, how-
ever the accuracy was above the allowable 20% criterion.
Stability was assessed by comparing newly extracted cali-
bration curves and quality control samples with those that
were extracted, reconstituted in mobile phase, and stored at
room temperature for 48 h. There were no significant differ-
ences in the mean values between the sample sets. Quality
control plasma samples (n = 5) underwent three freeze/thaw
cycles and were then extracted and analyzed, with no ef-
fects on compound stability (Table 5). No interference with
methadone or EDDP by added ritonavir, nelfinavir, indi-
navir, or hemolyzed red blood cells were observed (data
not shown). The assay was also performed using differ-
ent lots of chiral AGP columns and Metaguard columns
and no difference in retention times and recovery were
observed.
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Fig. 4presents results from a subject who was dosed with
6 mg of IV methadone and 11 mg oral methadone. Plasma
samples were analyzed with the method validated in this pa-
per.

3.4. Additional considerations

This assay was designed for pharmacokinetic studies in
which subjects were taking no other opiates or opioids. It was
not designed for therapeutic monitoring. Interference from
other opiates was therefore not evaluated.

An LC–MS method for the analysis of methadone and
EDDP enantiomers was recently published by Rosas et al.
[34], although several important differences merit address.
The purpose of the assays and their limits of quantifica-
tion are very different. The method of Rosas et al. was
designed for therapeutic drug monitoring in patients and
high analyte concentrations, while the present method was
designed for pharmacokinetic studies and high sensitivity.
The present limit of quantification was substantially lower
(0.1 ng/ml for methadone and EDDP enantiomers) compared
with 5 ng/ml methadone and 0.5 ng/ml EDDP enantiomers
[34]. There were differences in the sample preparation pro-
cesses in the two assays, due the matrix difference (saliva
versus plasma). Saliva analysis used direct injection into the
H va is
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elopment effort in sample prep was needed because
ore complex plasma matrix, resulting in the on-line ext

ion method. There were also differences in the analy
PLC column used, and hence the separation methodo
osas et al.[34] used a 4 mm AGP column from Advanc
eparation Technologies (Whippany, NJ) while we us
mm AGP column from ChromTech Ltd. (Cheshire U
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rations exceeding 5% could not achieve chiral separ
n the ChromTech AGP column. In addition, Rosas e

34] found little or no separation (at pH 7.0) for EDDPα
1) and methadone (α ∼ 1.2) when using 1-propanol,

ropanol, or methanol. In contrast, we found optimal s
ation with methanol (gradient to 25%). Effects of pH w
lso different. At low pH (5–6), Rosas et al.[34] did not
chieve baseline separation for EDDP, resolution for
ethadone and EDDP increased with increasing pH, an
.0 was ultimately used. Conversely, with our AGP colu
ethadone enantiomer separation decreased as pH incr
nd pH 5.7 provided the best separation (methadoneRs =
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ertain solvent conditions. For example, acetonitrile con
rations exceeding 5% could not achieve chiral separatio
he ChromTech AGP column, while those less than 5%
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Table 5
Stability evaluation

Freeze/thaw (n = 5) 48 h at 4◦C (n = 5)

Medium QC High QC Low QC Medium QC High QC

(R)-Methadone (ng/ml) 10 50 1 10 50
Mean± S.D. 10.0± 0.4 50.8± 1.4 0.95± 0.33 10.3± 0.3 50.9± 1.8
CV (%) 4 3 35 3 4
Accuracy (%) 100 102 95 103 102

(S)-Methadone (ng/ml) 10 50 1 10 50
Mean± S.D. 9.82± 0.14 52.0± 1.9 0.97± 0.15 10.2± 0.3 49.9± 1.4
CV (%) 2 4 16 3 3
Accuracy (%) 98 104 97 102 100

(R)-EDDP (ng/ml) 5 12.5 1 5 12.5
Mean± S.D. 5.09± 0.19 13.3± 0.2 0.91± 0.07 4.90± 0.44 12.4± 0.8
CV (%) 4 2 8 9 6
Accuracy (%) 102 107 91 98 99

(S)-EDDP (ng/ml) 5 12.5 1 5 12.5
Mean± S.D. 5.00± 0.18 12.8± 0.3 0.90± 0.03 4.94± 0.27 12.8± 0.5
CV (%) 4 2 3 6 4
Accuracy (%) 100 103 90 99 102

Fig. 4. Plasma methadone (A) and EDDP (B) enantiomer concentrations, an-
alyzed with the on-line extraction assay, from a research subject who received
6 mg intravenous methadone (solid lines) and 11 mg oral methadone (dotted
lines).R-enantiomers are shown with circles,S-enantiomers are shown with
squares.

insufficient to elute the analytes from the on-line extraction
column.

4. Conclusion

On-line extraction greatly reduced sample preparation
time and the cost for solid phase extraction cartridges com-
pared with our previous LC–MS assay for methadone and
EDDP[39,40]. The present assay appears to be the only one
to date that utilizes on-line extraction with column switch-
ing to isolate both methadone and EDDP enantiomers from
plasma, using LC–MS detection. With the use of the chi-
ral AGP column, baseline separation of both methadone and
EDDP was achieved from a single injection. This appears to
be the first LC–MS assay for the simultaneous quantifica-
tion of methadone and EDDP enantiomers in plasma. Detec-
tion limits for EDDP are lower than other published methods
(0.5 ng/ml[34]) and the assay is two to five times more sensi-
tive than other LC–MS methods for methadone[21,34]. Total
LC–MS run time for 100 samples is approximately 36 h.

In summary, a semi-automated LC–MS method for a sin-
gle quadrupole mass spectrometry for the enantomeric sepa-
ration and quantification in human plasma was designed and
validated. The assay is sensitive, precise, accurate, and robust.
T s of
m
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we
C ation
o nts
R

he assay is well suited for chiral pharmacokinetic studie
ethadone and its primary metabolite, EDDP.
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