Validated method for the quantification of buprenorphine in post-mortem blood using solid-phase extraction and two-dimensional gas chromatography-mass spectrometry

Abstract
A highly sensitive and fully validated method was developed for the quantification of buprenorphine in post-mortem blood. After a two-step protein precipitation process using acetonitrile buprenorphine was purified using mixed mode (C8/cation exchange) solid-phase extraction (SPE) cartridges. Endogenous water-soluble compounds and lipids were removed from the cartridges before the samples were eluted, concentrated and derivatised using N-methyl-N-trimethylsilyltrifluoroacetamide. The samples were analysed using two-dimensional gas chromatography-mass spectrometry (2D GC-MS) in selective ion-monitoring mode. A low polarity Rxi®-5MS (30 m x 0.25 mm I.D. x 0.25 µm) was used as the primary column and the secondary column was a mid-polarity Rxi® -17Sil MS (15 m x 0.32 mm I.D. x 0.25 µm). The assay was linear from 1.0 - 50.0 ng/mL (r2 > 0.99; n=6). Intra-day (n=6) and inter-day (n=9) imprecisions (%RSD) were less than 5% and the average recovery was 60%. The limit of detection (LOD) of the method was 0.5 ng/mL and limit of quantification was 1.0 ng/mL.  2D GC-MS improved the LOD of buprenorphine by 20-fold compared to analysis on a conventional GC-MS. The method was highly selective with no interference from endogenous compounds or from 62 commonly encountered drugs.  To prove method applicability to forensic post-mortem cases 14 authentic post-mortem blood samples were analysed.
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Introduction
Buprenorphine is a highly lipophilic semi-synthetic opioid derived from the naturally occurring opium alkaloid oripavaine (a metabolite of thebaine )(1). It is chemically similar to morphine but it’s potency is 20 - 40 times greater 
 ADDIN REFMGR.CITE 
(1,2,3)
. Since the introduction of buprenorphine in 1999 (4) it has been used successfully for the management of  moderate to chronic pain by intravenous, intramuscular and sublingual routes of administration and for opioid dependency treatment 
 ADDIN REFMGR.CITE 
(3,5)
. It is available in the UK in a low and high formulation; 0.2 – 0.8 mg/day for its analgesic effect and higher doses of up to 32 mg/day are used for the treatment of opioid dependency 
 ADDIN REFMGR.CITE 
(5,6)
. As buprenorphine is a partial agonist it has a lower physical dependence potential which minimises the withdrawal effects when its use is discontinued, and therefore it is a favoured mode of dependency treatment (7,8).  In a study into the analgesic use of buprenorphine, an intravenous dose of 0.3 mg exhibited an average concentration of 0.5 ng/mL in plasma 2 hours post-dose (9). Subjects undergoing 8 mg per day of sublingual maintenance therapy with buprenorphine typically had concentrations ranging from 1-8 ng/mL in plasma (10).The therapeutic range quoted for buprenorphine varies. Some classify less than 5 ng/mL in plasma as therapeutic while others suggest 2 – 20 ng/mL 
 ADDIN REFMGR.CITE 
(11-13)
.

Buprenorphine undergoes first pass metabolism in the human liver to produce an active metabolite N-dealkylbuprenorphine (norbuprenorphine) by cytochrome P450 3A4 (14). Both buprenorphine and norbuprenorphine are further metabolised by glucuronidation (5,15). Even though norbuprenorphine is an active metabolite, its low permeability into the brain means it has little analgesic effect. After chronic administration of buprenorphine, the concentration of norbuprenorphine causes little respiratory depression (16). Although the quantification of norbuprenorphine would be interesting, the exact mechanism of respiratory depression by norbuprenorphine in humans is still poorly understood. In a study of 20 post-mortem cases no consistent pattern was observed between buprenorphine and norbuprenorphine concentrations (5). Most studies relating to the respiratory effects of norbuprenorphine have been carried out using rats (16,17,18). Discrepancies are seen between the norbuprenorphine concentrations which cause respiratory depression in rats and those found in human-fatalities related to buprenorphine. The concentrations of norbuprenorphine which causes respiratory depression in rats are approximately 100 times greater than the concentrations observed in human-fatalities related to buprenorphine (17). This suggests major differences in the mode of toxicity between humans and rats or that there is a lack of correlation between norbuprenorphine concentration and death in humans. It is therefore difficult to interpret the exact role, if any, of norbuprenorphine in human fatalities. 

There has been a substantial rise in the number of buprenorphine prescriptions for opioid dependency treatment 
 ADDIN REFMGR.CITE 
(19,20)
 and in its illicit availability on the black market 
 ADDIN REFMGR.CITE 
(2,21)
. From surveys it has been shown that the majority of people misusing the drug are doing so for the self-treatment of either their opioid dependence or for pain reduction. Only a few are reported to misuse the drug to get euphoric effects 
 ADDIN REFMGR.CITE 
(22,23)
. It has been reported that abusers sometime crush buprenorphine tablets and then inject or take it by insufflation 
 ADDIN REFMGR.CITE 
(2,22)
. Since the introduction of the higher dose buprenorphine, 14 fatalities have been reported in the UK; in each case the deceased misused buprenorphine with a combination of other drugs (24). It has been documented that even at therapeutic concentrations buprenorphine can be fatal when taken with non-lethal amounts of psychotropic drugs and/or alcohol 
 ADDIN REFMGR.CITE 
(2,4,5,25)
. In a review of 39 post-mortem cases the concentration of buprenorphine in post-mortem blood ranged from 1.10 – 17.88 ng/mL (17). In another survey of deaths related to buprenorphine the concentration range observed was 0.7 – 17.1 ng/mL in post-mortem blood (25).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 In post-mortem toxicology the experimental method should therefore be sensitive enough to detect buprenorphine at these concentrations.
Many analytical methods are currently available for the analysis of buprenorphine: high performance liquid-chromatography (HPLC) 
 ADDIN REFMGR.CITE 
(3,26,27)
, gas chromatography-mass spectrometry (GC-MS) (28,29), and liquid chromatography-mass spectrometry (LC-MS) or tandem mass spectrometry (LC-MS/MS) 
 ADDIN REFMGR.CITE 
(13,14,25,30,31,32)
. To achieve the sensitivity required for the quantification of buprenorphine the majority of methods have been developed using LC-MS/MS. However this instrument has limitations as it encounters analysis problems due to matrix effect (5). This is likely to be more apparent in post-mortem blood samples as they are at variable states of decomposition. Another challenge in LC-MS/MS analysis of buprenorphine, at least in some instrument types, are the poor fragmentation properties making it difficult to find appropriate target and qualifier transitions (5)
Most methods have been developed and validated for therapeutic drug monitoring or for law enforcement purposes using ante-mortem blood and serum samples (5,6,8,14,26).  In Coroners’ cases post-mortem blood is generally the only sample available on which forensic toxicological analysis can be performed. To show method suitability for Coroners’ cases, post-mortem samples should be analysed.
Only one method has been published, where whole blood has been analysed, on a conventional GC-MS instrumentation  which obtained the limit of quantification (LOQ) required for buprenorphine analysis (8).  A more recent development in GC is two-dimensional GC-MS (2D GC-MS), which has the ability to achieve the necessary LOQ for buprenorphine analysis in post-mortem blood. 2D GC-MS uses two GC columns of different polarities to improve separation of analytes from unwanted matrices which improves sensitivity.
This instrument incorporates a mass selective detector (MSD), flame ionisation detector (FID), a Deans switch which controls the direction of carrier gas flow and a cryofocusing trap. The two columns are connected via a microfluidic splitter-plate. Initial chromatographic separation occurs in the primary column with the carrier gas flow directed towards the FID where unwanted matrices are removed. The Deans switch is used to divert the gas flow to selectively cut the segment containing the analyte from the primary column onto the secondary column which is connected to the MSD. Components that have not resolved in the first column may do so on the secondary column. As only a small relevant fraction of the total sample is chromatographically resolved on the secondary column, and introduced into the ion source it increases the overall sensitivity for the analyte. 
A simple solid-phase extraction (SPE) - 2D GC-MS method has been developed and validated for the quantification of buprenorphine in post-mortem blood. Authentic post-mortem blood samples from HM Coroners’ cases have been analysed to demonstrate applicability of the method to forensic cases. To our knowledge this is the first publication of a validated 2D GC-MS method for buprenorphine. 

Materials and methods
Chemicals
Buprenorphine–d4, 100 µg/mL (in methanol) was purchased from LGC Standards (Teddington, UK). Buprenorphine hydrochloride and N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) were purchased from Sigma-Aldrich Company Ltd (Poole, UK). Potassium dihydrogen orthophosphate was purchased from Fisher Scientific (Loughborough, UK). Methanol, acetonitrile (HPLC grade), chloroform, propan-2-ol and 35% ammonia solution (analytical grade) were all purchased from VWR (Lutterworth, UK). HF Bond Elut-Certify, 3mL (130mg) solid-phase extraction cartridges were obtained from Agilent Technologies (Stockport, UK).
Instrumentation and chromatographic conditions
An Agilent 6890 gas chromatograph was equipped with a 7693B automatic liquid sampler, microfluidic splitter-plate, Deans switch and FID interfaced with an Agilent 5975C inert XL EI/CI MSD with triple-axis detector. Uncoated, deactivated silica retention gap was connected from the Deans switch to the FID. The carrier gas was helium. The GC was equipped with an air-cooled cryofocusing trap (Agilent, UK). Compressed air was delivered to the trap via a Jun-Air compressor. A low-polarity Rxi®-5MS (30 m x 0.25 mm I.D. x 0.25 µm) was used as the primary column and the secondary column was a mid-polarity Rxi®-17Sil MS (15 m x 0.32 mm I.D. x 0.25 µm). The 2D GC-MS parameters are listed in Table 1.

The MSD was operated in the electron impact ionization/selective ion monitoring (EI/SIM) mode (70 ev). For the trimethylsilyl (TMS) derivative of buprenorphine, the ions monitored were m/z 450 (quantification ion), 482 and 506 (qualifier ion). For buprenorphine-d4-TMS, the ions monitored were m/z 454 (quantification ion), 486 and 510 (qualifier ion). 
Preparation of standard solutions
Stock solutions of buprenorphine (50.0 ng/mL) and the internal standard buprenorphine-d4 (25.0 ng/mL) were prepared in deionised water. Quality control standards (QC) containing buprenorphine were prepared in deionised water at three different concentrations: 2.0 ng/mL (low QC), 7.0 ng/mL (medium QC) and 30.0 ng/mL (high QC). All prepared solutions were stored at -20°C.
Preparation calibrators and quality control 

Nine calibration standards consisting of blank, 0.0, 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 and 50.0 ng/mL of buprenorphine were prepared in extraction tubes by diluting 50.0 ng/mL stock solution in deionised water (1 mL total). 1 mL of each QC standard was pipetted into extraction tubes undiluted.
Sample preparation

To the calibrators and QC, 1 mL of expired human drug free whole blood was added. Then 0.5 mL of the internal standard solution was added to the calibrators and QC, excluding blank. To the blank 1 mL of drug free blood followed by 0.5 mL of deionised water was added. The sample mixtures were vortex mixed thoroughly. In order to precipitate the blood proteins, 125 µL of acetonitrile was added to the samples followed by vortex mixing. The samples were rested for 5 min and subsequently a second aliquot of 125 µL of acetonitrile was added. The samples were vortex mixed again. The pH of the samples was adjusted to pH 5 by adding 3 mL of 0.1M phosphate buffer (pH 5). The samples were mixed on a rotary mixer for 10 min and then centrifuged at 2500 rpm (1048 x g) for 10 min.
Solid-phase extraction

The SPE cartridges were activated with 2 mL of methanol and conditioned sequentially by adding 2 mL of deionised water followed by 2 mL of 0.1M phosphate buffer (pH 5). The supernatant of the blood samples was applied to the conditioned cartridges followed by 3 mL of deionised water. Once the water had passed through, the cartridges were acidified with 250 µL of 0.1M HCl. Additional washing of the cartridges was performed with 0.5 mL of methanol before drying completely. The analytes were eluted using 3 mL of chloroform: propan-2-ol: ammonia (80:20:2) solvent mix; the eluents were collected into extraction tubes and concentrated under nitrogen at 60°C until approximately 1 mL remained. The extracts were transferred into GC microvials and evaporated to dryness under nitrogen at 60°C. The samples were derivatized with 20 µL of MSTFA and incubated for 15 min at 60°C to produce trimethylsilyl (TMS) derivatives; buprenorphine-TMS and buprenorphine-d4-TMS. The samples were then injected (1µL) onto the 2D GC-MS.
Method validation
For validation requirements, the following criteria were taken into account: selectivity, stability, linearity, limit of detection (LOD) and lower limit of quantification (LOQ), intra-day and inter-day accuracy and precision and recoveries. Calibration standards of 9 levels (including blank) and sets of QC samples of 3 concentrations (2.0, 7.0 and 30.0 ng/mL) were prepared. Results were evaluated accordingly.
Specificity /Selectivity
To matrix match the calibrators to post-mortem samples, expired human drug free whole blood was used to prepare all calibrators and QCs. The specificity of the method was confirmed by the analysis of extracted drug free blood samples (n=10), to demonstrate lack of chromatographic interference from endogenous compounds with the analytes of interest. Although the application relies on specific mass fragmentation in the SIM mode, some drugs may co-elute and share some of the SIM ions of the analytes of interest. To establish that no interference/co-elution was occurring from other drugs that maybe present in the sample, a single drugs mix containing 62 most commonly observed drugs in post-mortem toxicology were analysed (at 10 µg/mL) with the method. The mix included opiates, amphetamines, cocaine, anti-depressants, anti-psychotics and over-the-counter drugs. 
Stability

To ensure no secondary artefacts were created during the method, high concentration (1 µg/mL) standards of buprenorphine and its main metabolite norbuprenorphine were extracted and derivatized with MSTFA. Norbuprenorphine was analysed to ensure any norbuprenorphine that may be present in buprenorphine positive post-mortem cases did not breakdown to buprenorphine during analysis. The scan mass data was analysed on a conventional GC-MS (Agilent 6890 GC interfaced with Agilent 5975B inert XL MSD). 

Linearity, limit of detection and quantification

The reproducibility of the linearity of the full curve was verified by analysing two full calibration lines on three non-consecutive days (n=6). For the calibration line to be acceptable the lowest quantifiable value had to be within ± 20% of its theoretical value compared to its extracted values against the obtained calibration curve and the rest of the calibration standards were required to be within ± 15% (intra/inter-day).  The LOD was set as the lowest concentration that could be detected with presence of the three qualifier ions in an acceptable ratio (± 20%) and a signal to noise ratio (S:N) greater than 3. The LOQ was defined by the lowest concentration that could be reproducibly detected within ± 20% error. 

Accuracy and precision

For intra-day analysis the low, medium and high QCs (n=6) were extracted with full calibration standards. For inter-day analysis three replicates of each QC were prepared and extracted with full calibration standards. This was repeated on three non-consecutive days (n=9). The percentage relative standard deviation (%RSD) of the obtained results was then calculated to determine imprecision. The percentage accuracy of the results was also calculated.
Extraction efficiency    
Three QCs (2.0, 7.0 and 30.0 ng/mL) were prepared in drug free blood (two at each concentration) and then extracted using the SPE procedure. Six drug free blood samples were also extracted using the SPE procedure. To all the eluents an external standard, buprenorphine–d4, was added. To the drug free blood eluents buprenorphine was then added to them at 2.0, 7.0 and 30.0 ng/mL (two at each concentration). The samples were then dried, derivatised and analysed. The percentage recovery was calculated by dividing the mean peak area ratio of the QC samples, spiked prior to SPE, by the mean peak area ratio of the samples to which buprenorphine was added after SPE multiplied by 100. 

Method application on post-mortem samples
The laboratory performs routine toxicological analysis on post-mortem samples submitted from HM Coroners’ cases. Buprenorphine was quantitated in post-mortem blood (femoral) for cases (n=14) where buprenorphine toxicity was indicated in the history or when during routine drugs of abuse screening procedure buprenorphine/metabolite was detected in the urine (33). The samples were stored at 5 °C until analysis.
Results and Discussions
Method
Protein precipitation prior to SPE with acetonitrile prevented precipitation occurring within the cartridges and produced extracts suitable for derivatisation. A two-step addition of acetonitrile enhanced hydrogen bonding between peptides to precipitate proteins (34). For additional sample clean up SPE was selected. As buprenorphine is a basic drug (pKa 8.5 and 10.0) the use of mixed mode SPE cartridges containing a strong cation exchanger (SO3-) and non-polar solid phase (C8) was appropriate. Phosphate buffer (pH 5) provided the best recoveries with minimum elution of endogenous compounds. After fixing the analytes onto the cartridge with 0.1M HCl, methanol wash alone was adequate for lipid removal and still provided good recovery.
Specificity /Selectivity
No interfering signal was observed from the drug free blood samples analysed or from the 62 most commonly encountered drugs in post-mortem toxicology using the described method.
The buprenorphine–d4 standard was found to contain non-isotopically labelled buprenorphine as an impurity, and therefore a small signal (SN<3) was observed at the buprenorphine’s retention time in the zero standard. This impurity was of negligible amount (< LOD).
Stability

No norbuprenorphine-TMS or other secondary artefacts were observed when analysing buprenorphine. No buprenorphine-TMS was observed when norbuprenorphine was analysed.
Buprenorphine stability in biological matrix  has been extensively studied; excellent stability has been observed for both buprenorphine, norbuprenorphine and their glucuronide conjugates at various temperatures and incubation periods in both blood and plasma (5,6,8,14).
Linearity, limit of detection and quantification

All lines (n=6) were linear from 1.0 – 50.0 ng/mL with a correlation coefficient (r2 ) > 0.99. However to obtain the most accurate and reproducible values at the lower end of the calibration curve, low and high calibration lines were produced. The low calibration line was 1.0 – 10.0 ng/mL and the high calibration 2.5 – 50.0 ng/mL. Acceptable r2 values of > 0.99 were obtained for both low and high calibration curves.  Acceptable % error (± 10%) was obtained throughout the calibration range. The results are summarised in Table 2.
The LOD of the method was 0.5 ng/mL. At this concentration the S:N was >3 and the ion ratios were acceptable. The LOQ was 1.0 ng/mL as this was the lowest concentration which was reproducibly detected within ± 20% error with S:N>10.
Accuracy and imprecision

Acceptable accuracy of ≥ 95% and imprecision (%RSD) of ≤ 5% were obtained for both intra-day (n=6) and inter-day analysis (n=9). The results are summarised in Table 3.  
Extraction efficiency    
The average extraction efficiency of this method was 60% at all three QC concentrations.
Method application on post-mortem samples

There were no complications during the extraction or the analysis procedure for the post-mortem samples. The results for the 14 post-mortem cases that were analysed are summarised in Table 4. The buprenorphine concentrations in the post-mortem bloods ranged from 1.8 – 43.0 ng/mL, which was covered by the calibration range. Apart from one case, multiple drugs consumption was observed (illicit drugs/prescription drugs/ethanol). The concentration range observed was comparable to other published post-mortem blood results (ranging from 0.5 – 68.6 ng/mL) (11,17,25,26,35). Figure 1 shows examples of a selected ion chromatogram of buprenorphine-TMS observed in a typical post-mortem blood sample and a calibration standard.
Current LC-MS/MS compared to 2D GC-MS

The described method’s LOD is 0.5ng/mL which is appropriate for Coroners’ toxicology. To obtain more sensitivity for buprenorphine there is a trend away from GC to LC-MS/- (MS) to obtain sub-nanogram concentrations 
 ADDIN REFMGR.CITE 

(6,14,31)
.  Although LC-MS is a very sensitive, selective and specialised technique, in complex samples such as post-mortem blood, matrix effect can be observed. Ion suppression is most commonly observed, although enhancement has also been seen (5,31). This leads to erroneously low or high results being reported, hence diminishing the sensitivity of the method. As all post-mortem blood samples are different and are at variable states of decomposition (in some cases very viscous and oleaginous) this matrix effect is more likely to be prominent and difficult to determine. Another difficulty observed in LC/MS analysis is the poor fragmentation of buprenorphine under electrospray ionisation, making it difficult to find appropriate target and qualifier transitions leading to loss of specificity (5,6). 2D GC-MS does not have a problem with either matrix effects or fragmentation ability.

Some methods require 2-3 mL of case blood to extract and analyse on a LC/MS/MS (6,13). In some post-mortem cases a limited volume of blood sample is received for multiple analyses and therefore using up to 3mL of blood for a single analysis is not feasible. The described method requires a maximum of 1mL of blood for quantitation.
Conventional GC-MS compared to 2D GC-MS
Conventional GC-MS provides high resolution but despite its ability to subtract background it has difficulties in trying to resolve analytes at sub-nanogram concentrations, such as buprenorphine, present in complex matrices like post-mortem blood and especially in lipid containing samples. 2D GC-MS overcomes this problem of resolution and sensitivity. The Deans switch enables only 0.7 min of the total run time (26.39 min) to enter the secondary column via the cryofocusing trap. The trap has a concentrating effect on the analytes prior to separation on the secondary column which increases sensitivity. As minimum matrix is ionised simultaneously with the analytes, sensitivity for the drug detection is greatly enhanced enabling buprenorphine to be quantitated in the ng/mL concentration.

To demonstrate the enhanced sensitivity of 2D GC-MS compared to a conventional GC-MS, buprenorphine at 10.0 ng/mL was extracted from blood, derivatised with MSTFA and analysed on both instruments in SIM. Figure 2 shows the extracted ion chromatograms of the 10.0 ng/mL buprenorphine–TMS sample analysed on both instruments. 2D GC-MS improved the limit of detection by 20-fold compared to a conventional GC-MS.

Conclusion
2D GC-MS demonstrated increased sensitivity for buprenorphine analysis compared to traditional GC-MS. The background signal is significantly reduced due to the elimination of unwanted compounds entering the MSD, which increases sensitivity, provides a cleaner ion source and leads to lower maintenance requirements.
We report a simple, efficient and cost-effective solid-phase extraction 2D GC-MS method for the quantification of buprenorphine in post-mortem blood. The LOD is 0.5 ng/mL, LOQ is 1.0 ng/mL and linearity is up to 50.0 ng/mL.  2D GC-MS is less than half the cost of LC-MS/MS and it can be used as an alternative method of analysis. To our knowledge this is the first validated buprenorphine method on 2D GC-MS.
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