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Abstract

A new method using ultra-fast liquid chromatography and tandem mass spectrometry (UFLC-MS/
MS) was developed for the simultaneous determination of buprenorphine and the metabolites
norbuprenorphine, buprenorphine-38-glucuronide, and norbuprenorphine-3B-glucuronide in
plasma and urine. Sample handling, sample preparation and solid-phase extraction procedures
were optimized for maximum analyte recovery. All four analytes of interest were quantified by
positive ion electrospray ionization tandem mass spectrometry after solid-phase microextraction.
The lower limits of quantification in plasma were 1 pg/mL for buprenorphine and buprenorphine
glucuronide, and 10 pg/mL for norbuprenorphine and norbuprenorphine glucuronide. The lower
limits of quantitation in urine were 10 pg/mL for buprenorphine, norbuprenorphine and their
glucuronides. Overall extraction recoveries ranged from 68-100% in both matrices. Interassay
precision and accuracy was within 10% for all four analytes in plasma and within 15% in urine.
The method was applicable to pharmacokinetic studies of low-dose buprenorphine.
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1. Introduction

Buprenorphine is an opioid used for decades in treating acute and chronic pain [1-3]. A
transdermal formulation was recently approved for treating moderate-severe chronic pain.
Buprenorphine sublingual tablets or films are also used for opioid addiction therapy [4], and
for reducing addiction-related infectious diseases [5]. Clinical advantages of buprenorphine
in addiction treatment include approval for use by private (non-specialized) practitioners,
and a narrow dose range enabling rapid dose titration [5]. Reported advantages in pain
therapy include a ceiling effect for respiratory depression but not analgesia at clinically
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relevant doses, fewer adverse events than other opioids, and the rarity of withdrawal
symptoms [6-10].

Buprenorphine is extensively metabolized, primarily to norbuprenorphine, and both also
undergo glucuronidation, to buprenorphine-3p-glucuronide and the secondary metabolite,
norbuprenorphine-3p-glucuronide (Fig. 1) [11,12]. Plasma metabolite concentrations can
approximate or exceed those of the parent drug, and relative norbuprenorphine,
buprenorphine-3p-glucuronide, and norbuprenorphine-3p-glucuronide exposures, based on
molar area under the plasma concentration vs time curves, are 200%, 100%, and 600% those
of buprenorphine [13]. These buprenorphine metabolites are pharmacologically active in
animals [14-17]. Metabolism therefore may potentially constitute a bioactivation pathway,
although the role of these metabolites in mediating buprenorphine effects in humans is
unknown. Additional pathways of buprenorphine metabolism have also been recognized
[18]. Clinical disposition and metabolism of buprenorphine are subject to well-described
drug interactions [19-21].

Methods for quantification of buprenorphine and one or more major metabolites in plasma
and/or urine include immunoassay [22,23], gas chromatography with various detectors [24—
28], HPL.C with single quadrupole or tandem quadrupole mass spectrometry [13,29-35], and
most recently UPLC methods with mass spectrometry [36—40]. Various methods of sample
preparation have also been described, including protein precipitation [40], liquid/liquid
extraction [39], and solid-phase extraction [37,41,42]. The most sensitive of the above
assays generally have a lower limit of quantification of approximately 0.1 ng/mL for
buprenorphine and 0.25 ng/mL for norbuprenorphine, and the glucuronide metabolites are
often not analyzed.

Increasing interest in the clinical use of buprenorphine, recognition of metabolites formation
and their potential clinical significance, use of lower buprenorphine doses for pain, and the
desire to study buprenorphine drug interactions in healthy volunteers (at much lower doses
than used in patients for prevention of opioid withdrawal) have accentuated interest in
analytical methods with greater sensitivity for buprenorphine and metabolites in both plasma
and urine. Buprenorphine is commonly administered sublingually at 4-32 mg/d for
addiction maintenance therapy, with steady-state plasma buprenorphine concentrations
averaging 5-10 ng/mL, and 2-16 mg intravenous buprenorphine results in peak
buprenorphine and norbuprenorphine concentrations of 20-130 and 0.5-3.5 ng/mL
respectively [43]. In contrast, lower doses (0.15-0.2 mg intravenously, 2 mg sublingually)
must be used in non-dependent healthy volunteers [44]. Assuming linear pharmacokinetics,
0.2 mg/kg intravenously would have an expected peak plasma concentration (Cpax) Of
approximately 2 ng/mL, declining to approximately 0.005 ng/mL after 72 h, and a 2 mg
sublingual dose gives an expected Cmax of 1.6 ng/mL [45]. With transdermal
buprenorphine patches delivering 5, 10 and 20 pug/h maximum plasma buprenorphine
concentrations were 176, 191 and 476 pg/mL, respectively [10]. These studies exemplify the
need for assay sensitivity.

Therefore, the purpose of this investigation was to develop and validate an analytical

method for the analysis of buprenorphine and the metabolites norbuprenorphine,
buprenorphine-3p-glucuronide, and norbuprenorphine-3p-glucuronide, in plasma and urine,
with greater sensitivity, particularly over the expected plasma concentration range of low pg/
mL to low ng/mL. A target limit of quantification of 1 pg/mL was established.
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2. Experimental

2.1. Reagents

Buprenorphine, buprenorphine-d4, norbuprenorphine, norbuprenorphine-d3,
buprenorphine-3p-glucuronide (B3G) and norbuprenorphine-3p-glucuronide (N3G) were all
purchased from Cerilliant Corporation (Round Rock, TX). Phosphoric acid, formic acid,
glacial acetic acid, methanol and acetonitrile were all obtained from Sigma-Aldrich (St.
Louis, MO). Ammonium hydroxide was from JT Baker (Center Valley, PA). Water was
filtered by a Milli-Q water filtration system, Millipore (Billerica, MA). Outdated human
plasma and human urine were obtained from the local university hospital. Oasis MCS 96
well microextraction plates for method development purposes were kindly donated by
Waters (Milford, MA).

2.2. Instrumentation

LC-MS/MS analysis was performed on an ultra-fast liquid chromatography system from
Shimadzu Scientific Instruments (Columbia, MD) consisting of a CMB-20A system
controller, two LC-20ADXR pumps, a DGU-20A3 degasser, a SIL-20AC autosampler, and
a CTO-20A column oven. An external Valco switching valve was installed between the
chromatography system and the mass spectrometer. The chromatography system was
coupled to an API 4000 QTrap LC-MS/MS linear ion trap triple quadrupole tandem mass
spectrometer from Applied Biosystems/MDS Sciex (Foster City, CA).

2.3. Solutions

Methanol stock solutions of buprenorphine, norbuprenorphine, B3G and N3G (100 pg/mL)
from Cerilliant Corporation were stored at —20 °C. Composite 1 pg/mL standard solutions
containing buprenorphine, norbuprenorphine, B3G, and N3G were prepared in duplicate in
methanol from the 100 pg/mL stock solutions (CS1 and CS2). CS1 was utilized to make the
working standard solutions for the standard curve and CS2 was used to make the working
standard solutions for the quality control samples. Composite standards (10 pg/mL) were
prepared and used to make urine calibrators and quality control samples (UCS1 and UCS2)
which were prepared in a similar manner to the plasma standards. Internal standard solutions
were made by spiking 100 ug/mL methanol stocks of buprenorphine-d4 and
norbuprenorphine-d3 into 5% phosphoric acid to a final concentration of 0.5 ng/mL of each
compound. This solution was found to be stable for several months stored at 4 °C. The solid-
phase extraction (SPE) elution solution was acetonitrile, methanol and 30% ammonium
hydroxide (12:8:1).

2.4, Standard and quality control preparation

Working plasma standards were prepared in methanol at the following concentrations of
buprenorphine, norbuprenorphine, B3G and N3G by spiking the appropriate amount of CS1
or dilutions of CS1 into methanol: 0, 0.02, 0.06, 0.2, 0.6, 2, 6, 20, 60 and 200 ng/mL.
Working urine standards were prepared in methanol at the following concentrations of the
four analytes of interest by spiking methanol with UCS1 or dilutions of UCS1: 0.2, 0.6, 1, 6,
20, 60, 200, 600, 2000 and 6000 ng/mL. Working plasma quality control solutions were
prepared in methanol at the following concentrations of all four analytes by spiking the
appropriate amount of CS2 or dilutions of CS2 into methanol: 0.12, 1.2 and 12 ng/mL.
These working standard solutions were verified to be stable for four weeks when stored at
—20 °C. Working urine quality control solutions were also prepared in methanol for all for
analytes by spiking the appropriate amount of UCS2 or dilutions of UCS2 into methanol:
0.12,1.2, 12, 120 and 1200 ng/mL.
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Standards and quality control samples were prepared in pooled control plasma or urine from
5 anonymous donors. To a glass culture tube containing 475 pul of control plasma or urine,
25 pl of each working standard or working quality control solution was added. The final
concentrations of standards were 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3 and 10 ng/mL for
plasma and 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100 and 300 ng/mL for urine. The final low,
mid and high quality control (QC) concentrations (LQC, MQC and HQC respectively) were
0.001, 0.1, and 10 ng/mL for buprenorphine and buprenorphine glucuronide and 0.01, 0.3
and 10 ng/mL for norbuprenorphine and norbuprenorphine glucuronide in plasma, and 0.06,
0.6, and 60 ng/mL for all analytes in urine.

2.5. Sample preparation procedure

Plasma or urine (420 pl) from calibration standards, QC samples, or subject samples was
pipetted to a clean glass culture tube. An equal volume of internal standard mix, 0.5 ng/mL
of each buprenorphine d4 and norbuprenorphine d3 in 5% phosphoric acid, was added to
each tube. Samples were capped and mixed on a vortex mixer for approximately 30 s.

Solid-phase microextraction was then performed on an Oasis MCX 96 well pextraction
plate. The plate was prepared by first conditioning the plate with 200 pul of methanol
followed by 200 pl of MilliQ water. Next, a 750 pl aliquot of the plasma sample was then
passed through the plate under vacuum as recommended by the manufacturer (10-15 mm
Hg). The plate was then washed with 200 pl of 0.2% acetic acid, followed by 200 pl of
methanol, again under vacuum. The plates were thoroughly dried under vacuum for 2 min.
The analytes were eluted into a clean 96 well collection plate by vacuum with two separate
additions of 25 pl of SPE elution solution (acetonitrile, methanol, ammonium hydroxide).
Eluents were then transferred to autosampler vials with glass inserts and placed in the
autosampler tray.

2.6. Analytical method

Chromatographic separation of buprenorphine, norbuprenorphine, B3G, N3G and the
internal standards buprenorphine-d4, and norbuprenorphine-d3 was achieved using a Kinetix
core shell analytical column (100 x 2.1 mm, 2.6 pm) coupled with a Security Guard ULTRA
cartridge UHPLC C18 (2.1 mm) guard cartridge (Phenomenex, Torrance, CA). The flow
rate was 0.7 mL/min with a mobile phase of 0.1% formic acid in water (A) and acetonitrile
(B). The column was equilibrated with 10% B for 0.5 min, a linear gradient to 85% B was
applied over 6.5 min. The column was then ramped linearly to 100% B over 0.1 min, held at
100% B for 0.5 min, then reverted back to 10% B over the next 0.3 min and allowed to re-
equilibrate at 10% B for 2.2 min. The total run time was 10 min per sample. The column
oven was kept at 55 °C and the autosampler cooler was maintained at 15 °C. The injection
volume was 15 pl. The same chromatographic conditions were utilized for plasma and urine
samples.

The mass spectrometer was equipped with an electro-spray ion source which was operated
in positive ion multiple reaction monitoring (MRM) mode for the detection of all of the
analytes and internal standards. The [M+H]" transitions were optimized for each analyte and
were selected as follows: m/z468 — 363 and m/z468 — 101 for buprenorphine, m/z414 —
115 and m/z 414 — 101 for norbuprenorphine, m/z 644 — 396 and m/z 644 — 468 for
buprenorphine-3-glucuronide, m/z590 — 414 and m/z590 — 101 for norbuprenorphine-3-
glucuronide, m/z 472 — 101 for buprenorphine-d4 and m/z 417 — 101 for
norbuprenorphine-d3. The first mass pair for buprenorphine, norbuprenorphine, B3G and
N3G was used for quantitation and the second mass pair was used for qualitative
identification. The mass spectrometer settings for the declustering potential (DP), the
collision energy (CE) and the collision cell exit potential (CXP) were optimized for each of
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these transitions. The entrance potential (EP) was optimized at 10 V for all of the transitions.
Buprenorphine was used to optimize the source temperature and gas settings through flow
injection. The optimal source temperature was 600 °C with the selected mobile phase and
flow rate. Nitrogen was used for all gasses and the curtain gas was set at 35 psig, CAD gas
set to high, Gas 1 40 psig and Gas 2 60 psig.

Raw data were acquired and processed using Analyst software version 1.5.2 (Applied
Biosystems/MDS Sciex, Foster City, CA). Calibration curves of peak area ratio vs analyte
concentration were fit using linear least-squares analysis and 1/x2 weighting.

2.7. Method validation

3. Results

The validation was performed as per the United States Food and Drug Administration (US-
FDA) Bioanalytical Method Validation Guidance [46]. The following assessments were
made to demonstrate the rigor of this assay: recovery, accuracy and precision, selectivity,
stability and matrix effect. The method was then deemed rigorous enough to analyze sub-
clinical doses of buprenorphine that had been dosed in healthy volunteers.

2.7.1. Recovery—Recovery of buprenorphine, norbuprenorphine, B3G and N3G from
plasma or urine was determined by comparing a sample of pure compound with internal
standard in solvent at the nominal high, medium or low concentrations, to the same
concentration of sample in plasma or urine extracted as described above.

2.7.2. Accuracy and precision—The precision and accuracy for each analyte was
determined at a low, mid and high concentration levels in human control plasma or urine
over three separate batch runs. Precision was determined as the coefficient of variation
(%CV), calculated by dividing the standard deviation by the mean. Accuracy was
determined as the percent relative error, calculated by subtracting the theoretical
concentration from the observed mean, and dividing by the theoretical concentration.

2.7.3. Selectivity—Chromatography of buprenorphine and metabolites in pooled blank
plasma and urine was optimized to achieve separation from potential interferences. Signal to
noise ratios were greater than 5:1 at the limit of quantification for each analyte, as
recommended by the FDA guidance [46]. No carryover was observed when a blank plasma
sample or blank urine sample was injected directly following the highest calibration
standard.

2.7.4. Stability—Stability of the spiked plasma and urine samples was determined at the
low and high quality control concentrations after the samples were held at room temperature
for 24 hr, after one freeze/thaw cycle (=20 °C), and after three —20 °C freeze/thaw cycles.

2.7.5. Matrix effect—Matrix effect was studied by comparing pure compound samples
prepared in mobile phase, to extracted quality control samples in plasma. The
chromatographic separation was optimized to ensure that any potentially interfering peaks
would be chromatographically separated from the peak of interest.

and discussion

3.1. Method development

Various mobile phases and HPLC columns were evaluated for their usefulness. Initially
investigated was a Zorbax Extend C18 Rapid Resolution C18 HT 2.1 x 100 mm, 1.8 pm
column with a 600 bar limit (Agilent, Santa Clara, CA) and a mobile phase of acetonitrile
and 10 mM ammonium bicarbonate in water (pH 9.0). The small particle size was chosen to
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give sharper and taller peaks and therefore improved sensitivity. However, interferences
with norbuprenorphine prevented a limit of quantitation below 50 ng/mL for this analyte.
Also, upon method validation, extended use of the ammonium bicarbonate mobile phase
with the extracted plasma samples required frequent column washing to keep the operating
pressure within the recommended operating range. The mobile phase was switched to an
ammonia/methanol mobile phase to assess if that would provide a lower LOQ for
norbuprenorphine and a more robust column life and operation. The pressure again was very
high after each individual run requiring extensive column washing to regain adequate
operating pressures. The Kinetix core shell column ultimately used afforded the requisite
selectivity, and had a slightly larger particle size than the Zorbax extend column (2.6 pm vs
1.8 pm), necessitating less extensive column washing than was necessary with the smaller
particle size Zorbax column.

The mass spectrometer settings were optimized for each of the analytes dissolved in
methanol. Flow injection allowed optimization of the system gas settings and temperature
with a mobile phase system of 0.1% formic acid in water and either methanol or acetonitrile,
both with and without added formic acid at various flow rates. Buprenorphine and
norbuprenorphine were used to optimize the gas and temperature settings.

Extraction procedures which were initially assessed all utilized traditional solid-phase
extraction techniques with either a Strata XC plate (Phenomenex, Torrance, CA) or a Varian
Bond Elute Plexa plate (Agilent, Santa Clara, CA). These systems did not give adequate
sample concentration to achieve the target limit of detection necessary due to many
processing steps, drying down, and transfer procedures which increased the loss of
compound at each consecutive transfer step. This was most notable for buprenorphine,
which is known to stick to plasticware.

The final microextraction procedure was optimized for high recovery of the analytes from
plasma and its applicability to urine samples was then confirmed. The microextraction
procedure step with the greatest effect on percent recovery was the wash step with 0.2%
acetic acid. Various acids and strengths of acid were tested, with a more dilute acid giving a
greater recovery than more concentrated acids. Optimization of recovery was of great
importance as the concentrations in subject samples was expected to be very low. Also,
minimization of steps and elimination of the dry down steps necessary with traditional solid-
phase extraction plates increased the recovery of all analytes.

Sample concentration achieved by using microextraction, combined with a 2.6 pum HPLC
column that could be run at pressures up to 600 bar (thereby decreasing peak width and
increasing peak height), along with careful optimization of the mass spectrometer, resulted
in a limit of quantitation in plasma for buprenorphine and buprenorphine glucuronide of 1
pg/mL and 10 pg/mL for norbuprenorphine and norbuprenorphine glucuronide.

Fig. 2 shows representative chromatograms for buprenorphine and metabolites in plasma at
the limit of quantification, as well as chromatograms of blank plasma. Fig. 3 shows
representative chromatograms for buprenorphine and metabolites in urine at the limit of
quantification, and chromatograms of blank plasma. Calibration curves were linear over the
concentration range 0.001-10, 0.01-10, 0.001-10, and 0.01-10 ng/mL in plasma for
buprenorphine, norbuprenorphine, buprenorphine glucuronide and norbuprenorphine
glucuronide, with typical correlation coefficients (r2) of 0.999, 0.998, 0.999, and 0.997,
respectively. Calibration curves in urine were linear over the range 0.01-100 ng/mL for all
four analytes, with typical correlation coefficients of 0.997, 0.998, 0.998 and 0.997 for
buprenorphine, norbuprenorphine, buprenorphine glucuronide and norbuprenorphine
glucuronide, respectively.
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3.2. Method validation

Recovery data for the four analytes in plasma and urine are provided in Tables 1 and 2,
respectively. Plasma recovery ranged from 92 to 104% for buprenorphine and
buprenorphine glucuronide, and from 89% to 107% from urine. Recovery of
norbuprenorphine and norbuprenorphine glucuronide from plasma was lower, generally
approximately 80%. Analyte recovery from urine was generally higher for all analytes, with
all in the range of 90-100%. Inter-day and intraday accuracy and precision for analyte
determination in plasma and urine are shown in Tables 3 and 4, respectively. Precision and
accuracy of buprenorphine was high in both urine and plasma with a coefficient of variation
of less than 10% in both matrices. The other three analytes all had coefficients of variation
of less than 15% in both matrices. Optimized chromatographic separation of analytes from
matrix interferences in both plasma and urine minimized matrix interferences, thereby
enabling the low coefficients of variation. Precision and accuracy of 10 fold urine dilution
samples were also tested and passed acceptance criteria of being within 10% of the original
measurement (Table 4). Stability results in plasma and urine are shown in Tables 5 and 6.
All four compounds were stable in both plasma and urine for 24 h on the benchtop at room
temperature, and after undergoing up to three freeze thaw cycles. It was also verified that
prepared samples were stable up to one week when stored at 4 °C (data not shown).

3.3. Application to a pharmacokinetic study

The method described here was successfully utilized to quantify plasma and urine
concentrations of buprenorphine and metabolites in a healthy volunteer subject enrolled in a
clinical study to evaluate the disposition of low dose intravenous (0.2 mg) and sublingual (2
mg) buprenorphine. Plasma and urine concentrations are shown in Figs. 4 and 5,
respectively. Analytes were quantifiable for 96 h after dosing.

3.4. Assay comparison

The investigation aimed to develop and validate an analytical method with improved
sensitivity for analysis of buprenorphine, p-glucuronide, and norbuprenorphine-343-
glucuronide, in plasma and urine. The intended application was analysis of pharmacokinetic
studies of low dose intravenous and sublingual buprenorphine, with measurement of plasma
and urine concentrations for up to 96 h after dosing (the entire measurement period), to
capture three buprenorphine half-lives. The anticipated plasma concentration range needed
was low pg/mL to low ng/mL with a target limit of quantification of 1 pg/mL. The degree of
sensitivity afforded by this assay was sufficient to determine buprenorphine concentrations
in the clinical study, and achieved the target of a lower limit of quantitation of 1 pg/mL for
buprenorphine and buprenorphine glucuronide in plasma. Limits of quantification were
higher for norbuprenorphine and norbuprenorphine glucuronide. Nonetheless, because
plasma concentrations of these metabolites were higher than those of buprenorphine
glucuronide, plasma concentrations were quantifiable for up to 96 h (the experimental
measurement period). Buprenorphine and all metabolites were readily quantifiable in urine.

No analytical methods with sufficient sensitivity, for all four analytes, had been reported at
the time this assay was developed. Two recently reported higher sensitivity assays, one
using liquid-liquid extraction for buprenorphine and norbuprenorphine, and another using
unspecified solid-phase extraction for buprenorphine and norbuprenorphine glucuronide
[47]. Assay range for the four analytes was 20-10,000 pg/mL, and the lower limit of
quantification was 20 pg/mL for buprenorphine and norbuprenorphine, and 25 pg/mL for
buprenorphine and norbuprenorphine glucuronide. A high-sensitivity assay for
buprenorphine and norbuprenorphine, but not their glucuronides, in plasma, using
unspecified mixed-mode cation extraction plates, was also recently reported [48]. Recovery
of buprenorphine and norbuprenorphine was 76% and 82%, respectively, and the lower limit
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of quantification was 25 pg/mL for both. The present assay represents a significant
improvement in sensitivity, and applicability to all four analytes (buprenorphine,
norbuprenorphine, buprenorphine glucuronide, and norbuprenorphine glucuronide), and in
both matrices of interest (plasma and urine), compared with even these recent methods.

4. Conclusion

A highly selective and sensitive UFLC-MS/MS assay for buprenorphine and the metabolites
norbuprenorphine, buprenorphine-3p-glucuronide and norbuprenorphine-3p3-glucuronide in
human plasma and urine was developed and validated. The method follows the guidance for
biolanalytical assays outlined by the US FDA. The method uses two deuterated internal
standards for quantification, minimizes the number of steps to increase ruggedness of the
assay. The use of solid-phase microextraction plates combined with UFLC instrumentation
increased both the speed of sample processing and the sensitivity of the assay. The results
presented support the assay validation, including recovery, precision, accuracy, specificity,
selectivity and stability. This is the first assay to present a robust method that can be used for
routine sample analysis of buprenorphine, norbuprenorphine, buprenorphine glucuronide
and norbuprenorphine glucuronide in plasma in the pg/mL concentration range utilizing
solid phase microextraction and core shell column technology combined with a UFLC
instrument. This method is fast, efficient, robust and has successfully been utilized to
analyze clinical samples.
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Fig. 1.

Buprenorphine
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HO

Norbuprenorphine

Buprenorphine Glucuronide Norbuprenorphine Glucuronide

Structures of buprenorphine and the metabolites norbuprenorphine, buprenorphine-3(3-
glucuronide and norbuprenorphine-3p-glucuronide.
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Representative MRM chromatogram of a human plasma standard containing each analyte of
interest at the assay limit of quantification (0.001 ng/ml buprenorphine, 0.01 ng/ml
norbuprenorphine, 0.001 ng/ml buprenorphine-3p-glucuronide, and 0.010 ng/ml
norbuprenorphine-33-glucuronide). In each panel, the blue trace is blank plasma, and the red
trace is the analyte at the limit of quantification.
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Intravenous Buprenorphine
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Fig. 4.
Plasma concentrations of buprenorphine and metabolites in a research subject administered
(A) intravenous buprenorphine (0.2 mg) or (B) sublingual buprenorphine (2 mg).
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Urine concentrations of buprenorphine and metabolites in a research subject administered
(A) intravenous buprenorphine (0.2 mg) or (B) sublingual buprenorphine (2 mg). Urine was

collected in 24 hr intervals (days 1-4) after drug dosing.
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Table 1
Analyte recovery from plasma.
Analyte Theoretical concentration (ng/mL)  Recovered concentration (ng/mL)* Recovery (%) CV (%)
Buprenorphine 0.001 0.00096 + 0.00011 96.4 11.8
0.1 0.0966 + 0.0058 96.6 6.0
10 10.4 +0.77 104 7.3
Norbuprenorphine 0.01 0.00815 + 0.00064 81.5 7.9
0.3 0.247 £ 0.032 82.4 12.8
10 109+17 109 16.0
Buprenorphine Glucuronide 0.001 0.00092 + 0.00012 925 12.4
0.1 0.098 +0.010 98.2 10.5
10 9.45 + 0.66 94.5 6.9
Norbuprenorphine Glucuronide 0.01 0.0068 + 0.0006 68.4 8.7
0.3 0.252 + 0.063 84.2 24.9
10 8.04 +2.00 80.4 25.0

*
Mean + SD (N = 3).
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Table 2
Analyte recovery from urine.
Analyte Theoretical concentration (ng/mL)  Recovered concentration (ng/mL)* Recovery (%) CV (%)
Buprenorphine 0.06 0.0647 + 0.0052 108 8.1
6 6.2 +0.41 103 6.5
60 535+2.0 89.1 3.8
Norbuprenorphine 0.06 0.0636 + 0.0029 106 45
6 6.54 +0.42 109 6.4
60 57.7+35 96.2 6.1
Buprenorphine glucuronide 0.06 0.0594 + 0.0082 99.0 13.8
6 5.63+0.74 93.9 131
60 60.3+5.9 100 9.8
Norbuprenorphine glucuronide 0.06 0.0627 + 0.0050 105 8.0
6 6.08 + 0.56 101 9.2
60 61.6+5.3 103 8.6

*
Mean + SD (N = 3).
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Accuracy and precision in plasma.

Table 3

Buprenorphine  Norbuprenorphine

Buprenorphine glucuronide

Nor buprenor phine glucuronide

Intra-assay precision and accuracy

Low 99.9+3.3 999+74
Medium 104.7 7.7 102.8 £8.0
High 88.9+26 102.4 +£55
Inter-assay precision and accuracy

Low 99.3+3.3 100.6 £ 8.9
Medium 107.3+7.0 97.2+93
High 89.3+25 101.1+£53

99.0£6.6
96.0+12.1
101.3+6.5

100.7+5.6
96.7 £13.2
103.6 +5.7

100.4 +13.0
98.6+7.6
103.4+5.2

103.1+12.8
98.9+95
103.6 +5.9

Page 17

Results are % of target value (mean * standard deviation; N = 5 for intra-assay and N = 9 for inter-assay). Low, medium and high quality control
concentrations were 0.001, 0.1, and 10 ng/mL for buprenorphine and buprenorphine glucuronide and 0.01, 0.3 and 10 ng/mL for norbuprenorphine

and norbuprenorphine glucuronide.
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Accuracy and precision in urine.

Table 4

Page 18

Buprenorphine  Norbuprenorphine

Buprenor phine glucuronide

Norbuprenorphine glucuronide

Intra-assay precision and accuracy

Low 106.0 £ 6.2 101.4 +£10.6
Medium 99.1+7.2 113321
High 99.9+9.6 100.0 +4.5
Inter-assay precision and accuracy

Low 102.9+9.7 96.2 +10.4
Medium 99.3+8.1 102.3+9.0
High 88.3+55 93.8+4.8

10 fold dilution 98.3+9.8 100.5+4.2

107.0+9.9
85.8+0.5
101.4+5.2

97.8+12.2
949 +12.2
93.5+10.3
101.4+5.2

111.0+26
97.8+7.2
99.8+8.1

105.7+7.5
99.9+5.9
89.3+6.4
99.3+75

Results are the % of target value (mean + standard deviation; N = 3 for intra-assay and N = 9 for inter-assay).

Low, medium and high quality control concentrations were 0.06, 0.6, and 60 ng/mL for all analytes.
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