
A

1
t
1
7
(
i
p
o
©

K

1

h
a
w
h
3

m
i
d

1
d

Journal of Chromatography B, 850 (2007) 538–543

Short communication

Simultaneous determination of buprenorphine, norbuprenorphine and the
enantiomers of methadone and its metabolite (EDDP) in human

plasma by liquid chromatography/mass spectrometry

Maria Esther Rodriguez-Rosas a,∗, Michelle R. Lofwall b, Eric C. Strain c,
Danuta Siluk a,d, Irving W. Wainer a

a Bioanalytical and Drug Discovery Unit, Gerontology Research Center, National Institute on Aging, National Institutes of Health,
5600 Nathan Shock Drive, Baltimore, MD 21224-6825, USA

b University of Kentucky College of Medicine, Lexington, KY, USA
c Johns Hopkins University School of Medicine, Baltimore, MD, USA

d Department of Biopharmaceutics and Pharmacodynamics, Medical University of Gdańsk, Poland
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bstract

A previously reported enantioselective LC–MS assay for the determination of (R)- and (S)-methadone [Met] and (R)- and (S)-2-ethylidene-
,5-dimethyl-3,3-diphenyl-pyrrolidine [EDDP] (the primary metabolite of Met) has been adapted for use in the simultaneous determination of
he plasma concentrations of Met, EDDP, buprenorphine (Bu) and norbuprenorphine (norBu). All of the target compounds were separated within
5 min using an �1-acid glycoprotein chiral stationary phase, a mobile phase composed of acetonitrile: ammonium acetate buffer [10 mM, pH
.0] in a ratio of 18:82 (v/v), a flow rate of 0.9 ml/min at 25 ◦C. Deuterium labeled compounds were used as internal standards [d4-Bu, d3-norBu,
R,S)-d -Met and (R,S)-d -EDDP] and linear relationships between peak height ratios and drug concentrations were obtained for Bu and norBu
3 3

n the range 0.2–12 ng/ml with correlation coefficients greater than 0.999. The relative standard deviations (%R.S.D.) for the intra- and inter-day
recision of the method were <4.5% and for accuracy was <4.0%. The method was validated and used to analyze plasma samples obtained from
pioid dependent methadone-maintained adults enrolled in a research study.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Buprenorphine [Bu] (Fig. 1), 21-cyclopropyl-7-�-[(S)-1-
ydroxy-1,2,2-trimethylpropyl]-6,14-endoethano-6,7,8,14-tetr-
hydroororipavine, is a semi-synthetic oripavine derivative
hich is 25–50 times more potent than morphine [1]. In
umans, Bu is N-dealkylated by cytochrome P450 3A4 (CYP
A4) to form norbuprenorphine [norBu] (Fig. 1) [2].

Numerous methods have been published for the deter-

ination of Bu and norBu in biological matrices including

mmunoassays [3–6]; gas chromatography with electron capture
etection (GC–ECD) [7,8]; liquid chromatography (LC) with
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lectrochemical detection [9–11]; LC with fluorescence detec-
ion [12]; a variety of mass spectrometric (MS) methods which
ncludes GC–MS [13–16], LC–MS [17–20] and LC–MS/MS
21–25].

Recently, Bu has been investigated as an alternative to
ethadone (Met) maintenance treatment for heroin addiction

26–28]. Bu is a partial agonist at the � opioid receptor with
ntagonist effects at the � and � opioid receptors [29]. The
bserved agonist and antagonist effects of this agent can vary
s a function of the administered Bu dose, as well as the level
f physical dependence. In order to investigate the relationship
etween these two factors, a clinical study has been initiated to

xamine the effect of increasing doses of Bu on patients main-
ained on Met. Part of this study involves the determination of
he pharmacokinetic profiles of Bu and as well as the Met and
ts primary metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenyl-

mailto:rdrgzrss@yahoo.com
dx.doi.org/10.1016/j.jchromb.2006.11.025
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ig. 1. The chemical structures of buprenorphine, d4-buprenorphine, nor-
uprenorphine and d3-norbuprenorphine.

yrrolidine (EDDP). This paper describes the development and
alidation of an assay for the simultaneous determination of
hese compounds.

This paper describes the adaptation of previously reported
nantioselective LC–MS assays for the determination of Met
nd EDDP enantiomers in saliva [30] and human plasma [31] for
he simultaneous determination of Met, EDDP, Bu and norBu in
uman plasma. The resulting assay has greater sensitivity than
reviously reported methods, LLOQs for Bu and norBu were
.2 ng/ml, and the run time was less than 15 min. The method is
eproducible and accurate and has been applied to the analysis
f plasma samples from participants in the clinical study.

. Experimental

.1. Chemicals, reagents and apparatus

Buprenorphine [Bu] (100 �g/ml methanol solution); nor-
uprenorphine [norBu] (100 �g/ml methanol solution); deu-
erium labeled-d4-buprenorphine [d4-Bu] (100 �g/ml methanol
olution); deuterium labeled-d3-norbuprenorphine [d3-NorBu]
100 �g/ml methanol solution) were purchased from Ceril-
iant Corporation (Austin, TX, USA). Pooled drug-free human
lasma obtained using sodium fluoride as anticoagulant was pur-
hased from Valley Biomedical Inc. (Winchester, VA, USA).
he sources of all of the other chemicals, reagents and apparatus
ere previously reported [31].
.2. Chromatographic conditions

Analyses of Bu, norBu, d4-Bu, d3-norBu and enantioselec-
ive analyses of (R)- and (S)-Met, (R)- and (S)-EDDP, (R)-

t
[
t
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nd (S)-d3-Met and (R)- and (S)-d3-EDDP were accomplished
sing a chiral stationary phase based upon immobilized �1-
cid glycoprotein (Chiral-AGP) from Advanced Separation
echnologies (Whippany, NJ, USA). A Chiral-AGP guard col-
mn (10 mm × 2.0 mm i.d., 5 �m) and a chiral-AGP analytical
olumn (100 mm × 4.0 mm i.d., 5 �m) were used in series.
he mobile phase consisted of acetonitrile: ammonium acetate
uffer [10 mM, pH 7.0 (adjusted with 0.5% aqueous ammo-
ium hydroxide)], 18:82 (v/v). The flow rate was 0.9 ml/min,
he injection volume was 20 �l, and the column temperature
as maintained at 25 ◦C as indicated in our previously reported
ethod [31].

.3. Optimization of the mass selective detector (MSD)
arameters

Mass spectra were recorded using a full scan in positive ion
ode, with a scan range from m/z 100 to 600. Single ion mon-

toring (SIM) was used to quantify the target compounds. The
hromatograms were monitored at m/z = 468.3 (Bu), m/z = 414.3
norBu), m/z = 310.20 (Met), m/z = 278.20 (EDDP), m/z = 472.3
d4-Bu), m/z = 417.3 (d3-norBu), m/z = 313.20 (d3-Met) and
/z = 281.20 (d3-EDDP). The procedure for the investigation
f the optimal value for each MSD parameter was previously
eported [31].

.4. Preparation of stock solutions

Concentrated stock solutions of Bu [4.0 �g/ml as free base],
orBu [4.0 �g/ml as free base], d4-Bu [10 �g/ml as free base]
nd d3-norBu [10 �g/ml as free base] were prepared in methanol,
laced in capped polypropylene tubes, wrapped in aluminum
oil and stored at −20 оC. Spiked standard solutions for the
alibration curve and quality control samples (QCs) were made
y serial dilutions with methanol starting with their respective
oncentrated stock solution. These spiked standards were placed
n capped polypropylene tubes, wrapped in aluminum foil, and
tored at 4 ◦C.

.5. Preparation of calibration curve and quality control
tandards

The determinations of Bu and norBu were based on the inter-
al standard method, using their respective deuterium labeled
ompounds as internal standards. Calibration and QC standards
ere prepared daily by spiking 50 �l of the corresponding spiked

tandard solutions to a 0.95 ml drug-free human plasma. Extrac-
ion was then performed as described in Section 2.6.2. In this
ay, 7-point calibration curves were prepared and ranged for
u and norBu from 0.2 to 12 ng/ml (0.2, 1.0, 2.0, 4.0, 6.0, 10.0,
2.0 ng/ml) using constant concentrations of d4-Bu [10.0 ng/ml]
nd d3-norBu [10 ng/ml].
The linearity of each standard curve was determined using
he “calibration settings” window in ChemStation (Rev A.10.01
1635], 1990–2003, Hewlett-Packard) with the weighting func-
ion set at “Equal”.
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The QC standards used for Bu and norBu were low qual-
ty control, LQC = 2 ng/ml; medium quality control, MQC =
ng/ml; and high quality control, HQC = 12 ng/ml.

.6. Sample preparation

.6.1. Collection of plasma from patients
After obtaining informed consent plasma samples were

ollected from non-treatment seeking opioid dependent
ethadone-maintained adults enrolled in a research study

BPR00-03-10-01 entitled “The variability of agonist and antag-
nist effects as a function of level of physical dependence”
t the Johns Hopkins Behavioral Pharmacology Research Unit
Baltimore, MD, USA).

Participants were stabilized on three different methadone
ose levels (30, 60, and 90 mg by mouth once a day; randomly
ssigned order) for approximately 4-week periods at each level.

hile maintained at each methadone dose level, challenge ses-
ions were conducted during which single intramuscular doses
f placebo, naloxone, or Bu (0.5, 1, 2, and 4 mg in ascending
rder) were administered.

Plasma collection was scheduled as follows: during each four
our session eight blood samples (7 ml each) were collected
sing an intravenous catheter placed in the participants’ non-
ominant arm at 15 min prior to drug injection and 10, 20, 30,
0, 60, 120, and 240 min after drug administration. Samples
ere collected in vacutainer tubes containing sodium fluoride.
he tubes were inverted 8–10 times, centrifuged at 3000 × g for
0 min, and the plasma layer transferred into cryotubes, which
ere stored at −20 ◦C until analyzed.

.6.2. Extraction procedure

A 50 �l aliquot of a solution containing the deuterated inter-

al standards d4-Bu, d3-norBu, d3-Met and d3-EDDP was added
o 950 �l of plasma in a microcentrifuge tube. The resulting

ixture was extracted as previously described [31].

i
d
w

ig. 2. Representative chromatograms of the blank human plasma. The chromatogra
t m/z = 414.30 (norBu) and at m/z = 417.30 (d3-norBu); (I-B) at m/z = 468.30 (Bu) a
ontrol plasma sample (LQC) containing Bu [2 ng/ml]; d4-Bu [10 ng/ml]; norBu [2 n
on monitoring at the following values: (II-A) at m/z = 414.30 (norBu) and at m/z = 41
matogr. B 850 (2007) 538–543

.7. Validation

.7.1. Matrix effect, recovery and process efficiency
The matrix effect (ME) and recovery (RE) were studied by

nalyzing quality control standards at three levels (LQC, MQC,
QC) using five different drug-free plasma pools. Three sets of

amples were prepared: Set A consisted of a set of neat qual-
ty control standards injected directly into the LC–MSD. Set B
onsisted of a set of drug-free plasma samples extracted by SPE,
hen spiked with quality control standards and finally injected
nto the LC–MSD. Set C consisted of a set of drug-free plasma
amples spiked with quality control standards then extracted by
PE and finally injected into the LC–MSD system.

Matrix effect (ME) was obtained by comparing the concen-
ration of the analytes found in Set B with respect to Set A. The

E was calculated using Eq. (1) [32]:

E = Set B

Set A
× 100 (1)

Recovery (RE) was obtained by comparing the concentration
f the analytes found in Set C with respect to Set B. The RE was
alculated using Eq. (2) [32]:

E = Set C

Set B
× 100 (2)

Process efficiency (PE) was calculated using Eq. (3) [32]:

E = RE × ME

100
(3)
Results are expressed as the average value and the confidence
nterval was determined by the evaluation of the relative standard
eviation (%R.S.D.) of these experimental values. The formula
as: %R.S.D = (standard deviation/average) × 100.

phic traces obtained using single ion monitoring at the following values: (I-A)
nd at m/z = 472.30 (d4-Bu). Representative chromatograms of the low quality
g/ml]; d3-norBu [10 ng/ml]. The chromatographic traces obtained using single
7.30 (d3-norBu); (II-B) at m/z = 468.30 (Bu) and at m/z = 472.30 (d4-Bu).
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Table 1
Results from the validation studies for buprenorphine and norbuprenorphine in human plasma

Buprenorphine Norbuprenorphine

LLOQ
(0.2 ng/ml)

LQC
(2 ng/ml)

MQC
(6 ng/ml)

HQC
(12 ng/ml)

LLOQ
(0.2 ng/ml)

LQC
(2 ng/ml)

MQC
(6 ng/ml)

HQC
(12 ng/ml)

Intra-day
N 5 5 5 5 5 5 5 5
Average 0.2 2.0 5.7 12.3 0.2 2.0 6.0 11.8
S.D. 0.0 0.0 0.0 0.3 0.0 0.1 0.1 0.2
R.S.D. (%) 1.2 0.7 0.8 2.1 4.5 3.7 1.6 1.6

Inter-day
N 7 15 15 15 7 15 15 15
Average 0.2 2.0 5.6 12.2 0.2 2.1 6.0 11.8
S.D. 0.0 0.0 0.1 0.3 0.0 0.1 0.2 0.5
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R.S.D. (%) 1.5 1.9 1.0
Accuracy (%) 107.4 101.8 93.8 1

.7.2. Intra- and inter-day validation studies
The intra- and inter-day validation studies for precision and

ccuracy were performed in quintuplicate with QC standards
sing five different plasma pools at concentrations specified in
ection 2.5. The analyses were carried out over a period of 3
ays for the inter-day validation. The curves were constructed
y plotting the peak height ratio Bu/d4-Bu or norBu/d3-norBu
gainst its concentration.

Accuracy was determined by comparing the observed con-
entrations of the QC standards (calculated from the calibration
urve) to their nominal concentrations.

The specificity of the method for each analyte was examined
y individually screening Bu, norBu, Met, EDDP, d4-Bu, d3-
orBu, d3-Met and, d3-EDDP after spiking in pooled human
lasma.

. Results and discussion

.1. Chromatographic conditions

The mobile phase composition for the validation and clin-
cal studies was set at acetonitrile:ammonium acetate buffer
10 mM, pH 7.0], 18:82 (v/v) [31]. Under these conditions, the
imultaneous analysis of the four drugs along with their internal
tandards was accomplished in 15 min. The observed retention
ime of norBu was 9.1 min (Fig. 2II-A) and for Bu was 9.8 min
Fig. 2II-B). In addition, the analysis of five different drug-free
lasma pools at these m/z values detected no interfering peaks,
epresentative chromatograms are presented in Fig. 2I-A and
B.

.2. 3.2.Optimization of mass spectrometric detection

A full scan mass spectra of each compound injected individ-
ally was obtained. Based on their specific m/z value, the signals

ere monitored on eight separate channels and no overlaps were

ound. We also investigated the contribution and cross-talk of the
nlabeled compounds into the internal standard channels and no
ontribution or cross-talk was observed.

1

w
a

3.9 3.4 3.0 4.0
99.0 104.2 99.5 98.1

The optimized parameters, based on the maximum signal for
u and norBu, were: fragmentor, 60 V; drying gas flow rate,
1.0 l/min; nebulizer pressure, 25 psig; drying gas temperature,
50 ◦C and capillary voltage, 1000 V.

.3. Linearity and detection limits

Calibration curves for Bu and norBu were generated by
eighted (1/x) least squares linear regression. The linear rela-

ionships between peak height ratio and drug concentration in
he range 0.2–12.0 ng/ml were described by the following equa-
ions, for Bu: y = 1.1427x − 0.0376, r2 = 0.9995 and for norBu:
= 1.0303x − 0.0239, r2 = 0.9995. The data were based on three

eplicates of a 7-point calibration curve.
The lower limit of quantification (LLOQ) is the concen-

ration of the drug in the matrix that can be determined
ith a high percentage of accuracy (80–120%) [33]. LLOQs

or Bu and norBu were 0.2 ng/ml. The limit of detection
LOD) at signal versus noise ratio (S/N) = 3, for Bu was
.05 ng/ml and for norBu was 0.04 ng/ml. The sensitivity
chieved as reported in this manuscript was better compared
o the sensitivity reported by Murphy and coworkers using an
C/ESI–MS/MS method [23] where their LLOQs for Bu and
orBu were 0.6 ng/ml and their LODs were 0.3 ng/ml for both
ompounds.

.4. Matrix effect, recovery and process efficiency

The matrix effects were determined using Eq. (1) [32].
he results indicated that there were no significant effects at
E = 100.4 ± 2.8% (Bu) and ME = 98.7 ± 3.3% (norBu).
The plasma samples were extracted using the method pre-

iously described for the analysis of Met and EDDP [31].
he recoveries were determined using Eq. (2) [32], where the
verage recovery for Bu was 99.2 ± 2.3% and for norBu was

00.5 ± 4.9%.

The process efficiencies were calculated using Eq. (3) [32],
here the average process efficiency for Bu was 99.6 ± 2.3%

nd for norBu was 99.0 ± 2.0%.



542 M.E. Rodriguez-Rosas et al. / J. Chro

Fig. 3. Representative chromatograms of the analysis of a plasma sample
obtained from a participant stabilized on methadone and 40 min after the
intramuscular administration of a 4.0 mg dose of buprenorphine. The concentra-
tions measured were: Bu = 1.5 ng/ml; norBu = 0.3 ng/ml; (R)-Met = 33.3 ng/ml;
(S)-Met = 45.0 ng/ml; (R)-EDDP = 1.9 ng/ml; (S)-EDDP = 2.8 ng/ml. The chro-
matographic traces obtained using single ion monitoring at the following values:
(A) at m/z = 414.30 (norBu) and at m/z = 417.30 (d3-norBu); (B) at m/z = 468.30
(Bu) and at m/z = 472.30 (d4-Bu); (C) at m/z = 310.20 ((R,S)-methadone) and at
m/z = 313.20 ((R,S)-d3-methadone) and (D) at m/z = 278.20 ((R,S)-EDDP) and
at m/z = 281.20 ((R,S)-d3-EDDP).
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.5. Accuracy and precision

Accuracy and precision of the method for Bu and norBu were
valuated from quintuplicate analysis of each QC standard level
LQC, MQC and HQC) and repeated for 3 days. The calculated
verage accuracy was 99.2 ± 2.3% for Bu and 100.6 ± 4.0% for
orBu, Table 1. The intra- and inter-day precision of the method
ere determined as relative standard deviation (%R.S.D.). The

esults were ≤2.3% for Bu and ≤4.5% for norBu. The results
f the validation studies in Table 1 demonstrate that the method
as acceptable accuracy and precision.

.6. Stability studies

The Bu and norBu standards were frozen at −20 ◦C for 2
eeks, defrosted and analyzed. There was no observable degra-
ation of either analyte.

Stability of Bu and norBu were determined after three freeze
nd thaw cycles. The spiked plasma samples at three quality
ontrol levels (LQC, MQC and HQC) were stored at −20 ◦C for
4 h and thawed unassisted at room temperature (n = 3). When
ompletely thawed, the samples were refrozen two more times,
hen analyzed. There was no observable degradation of either
nalyte. The LQCs, MQCs and HQCs for Bu and norBu were
laced in a thermostated autosampler at 4 ◦C and assayed at 0,
, 12, 16, 20 and 24 h. There was no observable degradation of
ither analyte during this period.
.7. Application to clinical samples

The validated method was applied to the analysis of plasma
amples obtained from patients who had been stabilized on Met

ig. 4. Plasma drug concentration-time profile obtained after intramuscular
dministration of 4.0 mg Bu to a participant. Where (A) the results for Met
S), Met (R), EDDP (S), and EDDP (R); (B) the results for Bu and norBu.
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nd who then participated in a series of challenge sessions in
hich intramuscular placebo, naloxone, and ascending doses of
u (0.5, 1, 2, and 4 mg) were administered.

Representative chromatograms of the analysis of a plasma
ample from a participant stabilized on Met obtained 40 min
fter the intramuscular (i.m.) administration of a 4.0 mg
ose of Bu are presented in Fig. 3. The concentrations
easured were: Bu = 1.5 ng/ml; norBu = 0.3 ng/ml; (R)-
et = 33.3 ng/ml; (S)-Met = 45.0 ng/ml; (R)-EDDP = 1.9 ng/ml;

S)-EDDP = 2.8 ng/ml. The plasma drug concentration–time
rofile from 0 to 240 min after the i.m. administration of 4.0 mg
u to this participant is presented in Fig. 4.

. Conclusions

The bioanalytical assay reported in this manuscript is a sim-
le, sensitive, accurate, rapid and reproducible LC/MS method
or the simultaneous determination of Bu, norBu and the enan-
iomers of Met and EDDP in human plasma obtained from opioid
ependent methadone-maintained adults. The method has been
alidated and is being applied to the analyses of samples from a
ethadone-maintenance program.
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