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Abstract

Separation and quantification of amphetamine enantiomers are commonly used to

distinguish between consumption of prescription amphetamine (mostly S-amphet-

amine) and illicit forms of the drug (racemate). In this study, electromembrane extrac-

tion with prototype conductive vials was combined with ultra-high performance

supercritical fluid chromatography (UHPSFC-MS/MS) to quantify R- and S-

amphetamine in urine. Amphetamine was extracted from 100 μL urine, diluted with

25 μL internal standard solution and 175 μL 130 mM formic acid, across a supported

liquid membrane (SLM) consisting of 9 μL of a 1:1(w/w) mixture of

2-nitrophenyloctyl ether (NPOE) and bis(2-ethylhexyl)phosphite (DEHPi) into an

acceptor phase containing 300 μL 130 mM formic acid. The extraction was facilitated

by the application of 30 V for 15 min. Enantiomeric separation was achieved using

UHPSFC-MS/MS with a chiral stationary phase. The calibration range was 50–

10,000 ng/mL for each enantiomer. The between-assay CV was ≤5%, within-assay

CV ≤ 1.5%, and bias within ±2%. Recoveries were 83%–90% (CV ≤ 6%), and internal

standard corrected matrix effects were 99–105 (CV ≤ 2%). The matrix effects ranged

from 96% to 98% (CV ≤ 8%) when not corrected by the internal standard. The EME

method was compared with a chiral routine method that employed liquid–liquid

extraction (LLE) for sample preparation. Assay results were in agreement with the

routine method, and the mean deviation between methods was 3%, ranging from

�21% to 31%. Finally, sample preparation greenness was assessed using the AGREE-

prep tool, which resulted in a greenness score of 0.54 for conductive vial EME,

opposed to 0.47 for semi-automated 96-well LLE.

K E YWORD S

amphetamine, chiral chromatography, electromembrane extraction, sample preparation,
supercritical fluid chromatography

Received: 8 February 2023 Revised: 14 April 2023 Accepted: 24 April 2023

DOI: 10.1002/dta.3487

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Drug Testing and Analysis published by John Wiley & Sons Ltd.

Drug Test Anal. 2023;15:909–918. wileyonlinelibrary.com/journal/dta 909

https://orcid.org/0000-0002-9146-2870
https://orcid.org/0000-0003-0781-6865
https://orcid.org/0000-0001-6334-6357
mailto:tonje.gottenberg.skaalvik@stolav.no
https://doi.org/10.1002/dta.3487
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/dta


1 | INTRODUCTION

Although being one of the most common drugs of abuse world-wide,

amphetamine is also used therapeutically in treatment of ADHD and

narcolepsy. The chirality of the molecular structure enables distinction

between licit and illicit forms of the drug. Prescription amphetamine

licensed in Norway contains the most pharmacologically active

S-enantiomer, either as pure dextroamphetamine or lisdextroampheta-

mine (prodrug).1 On the other hand, amphetamine on the illicit market

mostly contains a racemic mixture.2,3 In cases where patients treated

with amphetamine are subjected to drug testing, the concentration ratio

of R- and S-amphetamine is used to elucidate the origin of the drug.4

Enantioselective analysis of biological samples is herein necessary to

distinguish between an illegal and a legitimate amphetamine intake.5,6

Supercritical fluid chromatography (SFC) is a well-established

method for chiral separation.7 Using large fractions of supercritical

CO2 as the mobile phase allows high flow rates without loss of effi-

ciency and resolution, which reduces analysis time. Modern ultra-high

performance SFC (UHPSFC) systems coupled to mass spectrometry

enables robust, sensitive, and rapid routine analysis of amphetamine

enantiomers in urine and serum.5,6

Sample preparation remains a critical step in bioanalysis. In analy-

sis of urine, a simple dilution step is often sufficient.8 In some cases,

extraction techniques such as liquid–liquid extraction (LLE) or solid

phase extraction (SPE) are required to preserve the chromatographic

column and the mass spectrometer. In this paper, we investigated

electromembrane extraction (EME) as sample preparation alternative

to a routine LLE method.

EME is a microextraction technique in which an electric field is

applied to facilitate transfer of ionized analytes from an aqueous

donor phase (e.g., blood and urine) into a hydrophobic supported liq-

uid membrane (SLM) and further into a clean aqueous acceptor phase

(pH adjusted water). The SLM consists of a small volume (�10 μL) of

organic solvent immobilized in a porous membrane. With EME,

extraction and clean-up of the sample can be performed in one step,

with minimal consumption of organic solvents. EME has been carried

out in a number of technical formats based on hollow-fibres, 96-well

plates,9–11 and microchip technology.12–14 A commercial EME device

based on conductive vials is under development, and prototype equip-

ment has been used in extraction of basic drugs from serum15 and

plasma.16 Validation data associated with the prototype device were

accordance with recommended guidelines for bioanalytical

measurements.17,18

EME selectivity depends mainly on the polarity and magnitude of

the electric field and the physiochemical properties of the SLM.19

Additionally, the mass transfer of analytes is affected by the sample

composition, through the donor pH, presence of complexing agents,20

nature of background electrolytes,21 and ionic strength.22 In urine

samples, the aforementioned parameters can vary depending on the

health, diet, and the hydration state of individuals. The natural varia-

tions in urine constituents are expected to cause matrix-related varia-

tions in recovery, which could ultimately affect the analytical results.

The objective of this research was to determine whether conduc-

tive vial EME is a viable sample preparation alternative for

determination of amphetamine enantiomers in urine when combined

with UHPSFC-MS/MS. An EME-UHPSFC-MS/MS method was devel-

oped, validated, and compared with a routine LLE-UHPSFC-MS/MS

method at the Department of Clinical pharmacology at St. Olav

University Hospital (Trondheim, Norway). We also investigated funda-

mental aspects of the EME process by studying to what extent natural

variations in urine pH and creatinine concentrations affect mass

transfer of amphetamine.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Certified reference material of racemic (50%:50%) R-/S-amphetamine

was purchased from Lipomed (Arlesheim, Switzerland) and Chiron

(Trondheim, Norway) to prepare calibrators and quality control sam-

ples, respectively. S-amphetamine (purity 99.97%) and racemic R-/S-

amphetamine-d3 were purchased from Lipomed. bis(2-Ethylhexyl)

phosphate (DEHP), bis(2-ethylhexyl)phosphite (DEHPi), 2-nitrophenyl

octyl ether (NPOE), 2-nitrophenyl pentyl ether (NPPE), and ammo-

nium formate (≥99.995%, trace metal basis) were purchased from

Sigma Aldrich (Schnelldorf, Germany). Formic acid (99.0% HCOOH,

Optima LC–MS grade) was from Fischer Scientific (Leicestershire,

UK). Methanol (MeOH, LC–MS grade), ammonium hydroxide, and

ammonia solution (25% NH3, LiChropur for LC–MS) were from Merck

(Darmstadt, Germany). Isopropyl alcohol (IPA, HiPerSolv Chroma-

norm) was obtained from VWR Chemicals (Leuven, Belgium). Type I

water was obtained with an in-house Milli-Q purification system from

Millipore (Molsheim, France). Carbon dioxide (grade 5.2/99.9992%)

was obtained from Aga (Oslo, Norway).

2.1.1 | Preparation of solutions and storage
conditions

Two separate stock solutions of racemic amphetamine (5 mg/mL) for

calibrators and quality control (QC) were prepared in type I water.

Stock solutions were diluted with MeOH to prepare working solutions

for each calibration and QC level. The stock and working solutions

were stored at 4�C. Urine calibrators of 50, 250, 750, 2000, and

10,000 ng/mL of each enantiomer were prepared by spiking blank

urine with working solution (1% v/v) and were stored at �20�C. Simi-

larly, QC samples were prepared at four concentrations; 50 (LLOQ),

75, 1000, and 8000 ng/mL. The internal standard solution (2.5 μg/mL

R-/S-amphetamine-d3) was prepared in 20% MeOH in H2O and

stored at 4�C.

2.1.2 | Urine samples

A healthy volunteer supplied pooled amphetamine-free urine for

method development, calibration, and quality control. The urine had a

pH of 6.2 and creatinine concentration of 68.7 mg/dL. External quality
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control urine samples were obtained from LGC Standards Proficiency

Testing (Bury, UK).

Anonymized urine samples that had been to our laboratory for

drug testing were analyzed for method comparison. The samples were

stored for 4 weeks at 4�C, then freeze stored (�20�C) for 1 to

3 weeks. In some experiments, anonymized samples free of amphet-

amine were spiked. According to the Regional Committee of Research

Ethics, no formal approval is needed for a brief presentation of routine

results as part of a methodological article.

2.2 | Conductive vial EME

EME was performed with a prototype device from Extraction Tech-

nologies Norway (ETN, Ski, Norway). The prototype (Figure 1) held

10 EME cells that could operate simultaneously. One EME cell con-

sisted of a donor vial and an acceptor vial connected by a leak tight

union that held a flat porous polypropylene (PP) membrane (168 μm,

Accurel PP2E, Membrana GmbH; Wuppertal, Germany). The vials

were made from a proprietary conductive material. The donor vials

held acidified urine samples whereas the acceptor vials held the

acceptor solutions. Each vial had a total volume of 600 μL, with work-

ing volumes of 200–400 μL. The SLM was prepared by pipetting 9 μL

organic solvent onto the PP support membrane. EME cells were

placed horizontally on the agitation device to ensure contact between

the aqueous solutions and the SLM. The electric field was applied to

each EME cell by a power supply (ES 0300-0.45, Delta Elektronika

BV, Zierikzee, the Netherlands) that connected to the vial surfaces via

electrodes in the device lid. To extract cations, the acceptor and donor

vial were made cathodic and anodic, respectively. The system current

was monitored with a Fluke287 multi-meter (Everett, WA, USA).

Parameters optimized in method development were the composi-

tion of the organic phase, sample diluent and acceptor, extraction

potential and time. Recovery experiments during method develop-

ment were carried out using spiked urine (2000 ng/mL racemic mix-

ture), applying 50 V for 15 min unless stated otherwise.

The final extraction protocol was as follows. For each EME cell,

the donor vial was filled with urine (100 μL), internal standard solution

(25 μL, R-/S-amphetamine-d3), and sample diluent (175 μL, 130 mM

HCOOH). The acceptor vial contained 130 mM HCOOH (300 μL).

The leak–tight union was screwed onto the acceptor vial, and 9 μL

membrane solvent (mixture of DEHPi and NPOE [1:1, w/w]) was

pipetted onto the membrane. EME cells were assembled and placed in

the prototype device. Extraction was carried out by applying 30 V for

15 min with agitation (875 rpm). After EME, the acceptor vials were

capped and placed on the auto sampler for UHPSFC-MS/MS analysis.

Due to a limited number of available prototype conducting vials,

used vials were washed and reused during method development. To

avoid carry-over, vials were washed using the following procedure:

(1) empty vials were filled with 1% HCOOH in MeOH overnight,

(2) vials were rinsed with type I water, and (3) MeOH. During valida-

tion, concentrated calibrators and quality controls (Std 3–5, QC2–3)

were extracted with reused vials, whereas low concentrated samples

(Blanks, Std1–2, LLOQ samples, QC1), external controls, and anon-

ymized patient samples were extracted with new vials.

2.3 | Liquid–liquid extraction: Routine sample
preparation method

The current routine method for the determination of amphetamine

enantiomers in urine is a modification of the corresponding method

for serum.5 Semi-automated LLE was performed using the Hamilton

Microlab Star pipetting robot (Hamilton Company, Bonaduz,

Switzerland). Urine (100 μL), internal standard solution (25 μL, R-/S-

amphetamine-d3) and buffer (100 μL, 0.2 M Na2CO3) were pipetted

into a 2 mL 96-well collection plate (Porvair Sciences, Norfolk, UK)

and mixed at 700 rpm for 20 s. Ethyl acetate (EtOAc, 600 μL) was

added to each well, and the collection plate was sealed with foil and

mixed (Multi-format Plates & Tubes, Porvair Sciences) at 2100 rpm

for 1 min before centrifugation at 4235 RCF (Rotana 460, Hettich

Zentrifugen, Tuttlingen, Germany) for 5 min. Aliquots of supernatant

(200 μL) were transferred to a new 2 mL 96-well collection plate and

acidified with 10 μL 0.3 M HCl in MeOH. The samples evaporated to

dryness under ambient air at 40�C for 10 min (UltraVap, Porvair Sci-

ences, North Wales, UK) and were reconstituted in 300 μL IPA.

Extracts were analyzed with the UHPSFC-MS/MS conditions

described below. The method was validated prior to its

F IGURE 1 (a) Prototype EME device holding 10 EME cells (left)
and a dissembled EME cell consisting of conductive vials, union, and
polypropylene membrane (right). (b) EME of protonated bases in
conductive vials. BH+ represents the protonated base, a� a
deprotonated acid, and N a neutral molecule
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implementation to the routine laboratory, and the following results

were then obtained: within-assay CVs ≤ 1.8%, between-assay

CVs ≤ 1.8%, bias within ±4.7%, matrix effects 83%–111% (CV ≤ 4%),

IS-normalized matrix effects 96–100% (CV ≤ 3%), and extraction

recoveries 87%–94% (CV ≤ 3%).

2.4 | Ultra high performance supercritical fluid
chromatography tandem mass spectrometry

A Waters Acquity ultra performance convergence chromatography

(UPC2) (Waters, Milford, MA, USA) system equipped with sample

manager, binary solvent manager, column manager, convergence man-

ager, and isocratic solvent manager was used. Amphetamine enantio-

mers were separated on an AD-3 [amylose tris

(3,5-dimethylphenylcarbamate), 2.1 � 150 mm, 3.0 μm particles] col-

umn from Chiralpak Technologies (Danciel group, Illkirch, France). Par-

tial loop injection in needle overfill mode was used with a 10 μL loop

and injection volume of 1 μL. The isocratic elution profile (A: CO2, B:

0.1% NH4OH in IPA:MeOH [1:1, v/v]) was 6.5% B for 4.0 min. The

flow rate was 1 mL/min, and the column temperature was 10�C. The

automatic back-pressure regulator was set to 2500 psi. The make-up

solvent was 0.1% NH4OH in IPA delivered with a flow rate of

0.3 mL/min.

A Xevo TQ-S micro tandem quadrupole mass spectrometer

(Waters, Manchester, UK) equipped with a Z-spray electrospray inter-

face was used for detection. Positive electrospray ionization (ESI+)

was performed in the multiple reaction monitoring (MRM) mode. The

capillary voltage was 1.0 kV, ion source temperature 120�C, and cone

gas flow rate 20 L/h. The desolvation gas (nitrogen) was heated to

600�C and delivered with a flow rate of 1000 L/h. MRM transitions

for R/S amphetamine were m/z 136.1 > 119.0 (quantifying ion, cone

voltage: 10 V, collision energy 8 eV) and m/z 136.1 > 91.0 (qualifying

ion, cone voltage: 10 V, collision energy 8 eV), and m/z 139.1 > 122.0

(cone voltage: 10 V, collision energy: 8 eV) was monitored for R-/S-

amphetamine-d3.

2.5 | Creatinine and pH measurements

Urine creatinine and pH measurements were performed on an AU680

Chemistry Analyzer (Beckman Coulter, Brea, CA, USA) with DRI®

Creatinine-Detect Test and DRI® pH-detect Test reagents

(Microgenics Thermo Fisher, Passau, Germany), respectively.

2.6 | Validation

The EME-UHPSFC-MS/MS method was validated based on guidelines

given by Peters et al.23 and the European Medicines Agency (EMA).18

Validation parameters were linearity, limit of detection (LOD), lower

limit of quantification (LLOQ), within- and between-assay precision,

accuracy, extraction recovery, matrix effects, selectivity, carry-over,

and stability of extracted samples.

Quantification was performed applying weighted (1/x) quadratic

calibration based on analyte peak area normalized to IS area on a

5-point calibration curve in the concentration range 50–10,000

ng/mL of each enantiomer. The linearity was evaluated by assessing

the correlation coefficient (R) with linear calibration including three

replicates of each calibrator. The lower limit of quantification (LLOQ)

was set to the lowest calibrator level. Precision and accuracy at LLOQ

were assessed by analyzing blank urine spiked with 50 ng/mL of each

enantiomer on 10 days. The LOD was estimated through a series of

scalar dilutions of LLOQ. The LOD was the concentration correspond-

ing to a signal-to-noise ratio (S/N) above 3 for both the quantifier and

qualifier ion.

Between-assay precision and accuracy was evaluated at three QC

levels (75, 1000, and 8000 ng/mL) with 10 replicates. Within-assay

precision was studied with six replicates. Extraction recoveries were

determined at the highest and lowest QC concentration (n = 6). Recov-

ery was calculated by comparing IS normalized analyte peak areas in

urine samples spiked with R-/S-amphetamine pre- and post-extraction,

with the internal standard added post-extraction. Matrix effects

(ME) were assessed at the highest and lowest QC concentration by

comparing analyte peak areas in spiked blank extracts (n = 6, different

individuals) and neat acceptor solutions (130 mM HCOOH, [n = 3]).

Selectivity was assessed by analyzing amphetamine-free urine from six

individuals. Instrument carry-over was investigated by inspecting chro-

matograms of extracted blank urine injected after a sample spiked to a

concentration of 20,000 ng/mL. Analyte stability in extracts was evalu-

ated by reinjecting QC samples (n = 4 per concentration) and calibra-

tors left on the auto sampler (10�C) for 1, 3, and 7 days.

2.7 | Application: Comparison with routine method
at St. Olav University Hospital

Assay results of anonymized patient samples were compared between

EME-UHPSFC-MS/MS and the pre-established routine method.

Anonymized urine samples (n = 31) analyzed with the routine method

were reanalyzed with EME after they had been stored for 4 weeks at

4�C and 3 weeks at �20�C. Assay results were compared using Pass-

ing and Bablok regression using MedCalc Statistical Software version

20 (MedCalc Software Ltd, Ostend Belgium). Concentrations outside

the calibration range (n = 2) were excluded from the regression

analysis.

2.8 | Evaluation of greenness

Greenness of sample preparation methods was assessed using the

AGREEprep tool proposed by Wojnowski et al.24 A greenness score

from 0 (not fulfilling) to 1 (fulfilling) was given based on 10 principles

of green sample preparation. Each category was weighted based on

importance. Scores were calculated using available software25 and

input guidelines given by Pena-Pereira et al.26 Conductive vials were

regarded as disposable. Details regarding AGREEprep input are

included in Supporting Information.
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3 | RESULTS AND DISCUSSION

3.1 | The supported liquid membrane

EME can be regarded as an electro-assisted partitioning process, and

the chemical properties of the membrane solvent play a key role in

selectivity. The following SLM compositions were evaluated for EME

of amphetamine from urine (n = 3): 2-nitrophenyl octyl ether (NPOE),

2-nitrophenyl pentyl ether (NPPE), bis(2-ethylhexyl) phosphite

(DEHPi), 5% w/w bis(2-ethylhexyl) phosphate added to NPOE (DEHP

+NPOE [5:95]), and a 1:1 (w/w) mixture of DEHPi and NPOE (DEHPi

+NPOE [1:1]). Amphetamine recoveries are shown in Figure 2a. The

use of the pure nitroaromatic solvents (NPOE and NPPE) resulted in

low recoveries of amphetamine. NPOE is the most widely used sol-

vent in EME, but efficient mass transfer is limited to hydrophobic

analytes,27 whereas amphetamine is a moderately polar drug (log

P = 1.8). Common strategies to increase partitioning of polar basic

analytes are to add ionic carriers (DEHP) to NPOE or to select a sol-

vent that either is less hydrophobic (NPPE) or interacts through other

mechanisms than that of NPOE.28 Although mass transfer of amphet-

amine was increased with NPPE compared with NPOE, the extraction

was still inefficient with both nitroaromatic solvents. DEHPi was the

only efficient single-component membrane solvent, resulting in a

recovery of 53%.

The most effective SLM compositions were the mixed SLMs that

contained NPOE and an organophosphorus component (DEHP

+NPOE (5:95) and DEHPi+NPOE (1:1)). Amphetamine recovery

increased from 0% to 82% upon addition of 5% DEHP to NPOE.

DEHP is an anionic (pKa = 2) carrier, and analyte transport across the

SLM is facilitated through formation of ion pairs.29 Contrarily, DEHPi

is a neutral compound and analyte interaction occurs mainly through

strong hydrogen bond interactions.30 The DEHPi+NPOE (1:1) mixture

was recently found to be effective in EME of amphetamines from

breast milk31 and resulted in a recovery of 74% in the current experi-

ment. The presented results are coherent with previous EME of

amphetamine from plasma, urine, and breast milk, where

amphetamine was better extracted when NPOE was mixed with other

compounds31,32 or accompanied by modifications of the acceptor.33

The extraction current was recorded (Figure 2b) and used as a

diagnostic tool to evaluate SLM integrity and system stability.27,34

Systems were regarded as stable when the current was below

50 μA per extraction cell and did not increase over time.27 Exces-

sive current can affect reproducibility and result in low recoveries

due to pH shifts and bubble formation caused by water electroly-

sis.35,36 As seen from Figure 2b, all five SLM compositions resulted

in stable systems. Interestingly, mixing DEHPi with NPOE resulted

in half the extraction current of DEHPi as well as improving

amphetamine recovery.

3.2 | Effect of urine pH and creatinine
concentration

Previous experiments and theoretical models suggest that EME mass

transfer can be affected by pH, salt content,37,38 ionic strength, and

ion balance.39 In drug testing of urine, the pH and creatinine concen-

tration are determined to detect adulteration of samples. In the fol-

lowing experiments, the effect of urine pH and creatinine on EME

mass transfer was assessed to investigate whether these parameters

could also affect recovery. Recovery experiments were carried out

with seven urine samples with pH 5.3–8.9 and creatinine concentra-

tions 20–317 mg/dL. Amphetamine recovery was determined in each

sample after 15-min extractions with both DEHP+NPOE (5:95) and

DEHPi+NPOE (1:1) as membrane solvents. The applied voltage was

50 V in extractions with the former SLM and 30 V with the latter. The

extraction current was found to increase with increased creatinine

concentration (Figure 3c), and the voltage was therefore lowered in

extractions with DEHPi+NPOE (1:1) to maintain I < 50 μA in samples

high in creatinine. The calculated recoveries were in the range from

58% to 90% (CV 14%) and 66% to 99% (CV 14%) with DEHP+NPOE

(5:95) and DEHPi+NPOE (1:1), respectively. As expected, there were

variations in amphetamine mass transfer between individual urine

F IGURE 2 Extraction of
amphetamine (2000 ng/mL racemic mix)
from urine (50 V, 15 min) using five
different membrane solvents.
(a) Recoveries (n = 3) and (b) measured
current (I) per EME cell
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samples, and the extraction was exhaustive in some samples, but not

in others.

Figure 3a,b shows amphetamine recovery as a function of pH and

creatinine concentration (in raw urine samples). With the selected

samples (n = 7), the variation in recovery between urine samples

could not be attributed to differences in pH or creatinine alone but

were likely related to a combination of parameters that vary in spot

urine. Although variation in recovery between urine samples was

apparent, the internal standard compensated for this. CV percentage

of recovery between samples was reduced from 14% (absolute recov-

ery) to <3% when analyte areas were corrected with the deuterated

internal standard added prior to EME.

3.3 | EME method development

The final EME protocol for determination of amphetamine enantio-

mers in urine was developed with attention to the membrane solvent,

sample diluent and acceptor phase, extraction potential and extraction

time. DEHPi+NPOE (1:1, w/w) was selected as the final membrane

solvent due to favorable recoveries and precision. In addition DEHPi

was considered less hazardous compared with DEHP.

During initial experiments, the sample diluent and acceptor phase

were both 130 mM formic acid. An experiment using 130 mM

HCOOH, 200 mM NH4COOH buffer with pH 3.7, and pH 2.8 as sam-

ple diluent and acceptor was conducted to evaluate whether the use

of a strong buffer could improve between-sample variation in recov-

ery by suppressing differences in pH and ionic strength. No significant

difference in CVs of absolute recoveries between urine samples were

observed when using a formate buffer vs formic acid; 130 mM

HCOOH was thus kept as the final sample diluent and acceptor.

The final extraction potential was 30 V, which allowed sufficient

precision, recovery and acceptable current. Figure 4a shows amphet-

amine recovery after application of 0, 15, and 30 V for 15 min. The

experiment verified that the applied potential was essential for mass

transfer, as amphetamine was not extracted in absence of the electric

field. Figure 4b shows amphetamine recovery from five different urine

samples after extraction for 5, 10, 15, and 20 min. Extraction kinetics

differed among individual samples. In two samples, the mass transfer

haltered after 10 min, whereas exhaustive extraction (recovery >85%)

could be reached after 20 min for the remaining samples. The final

extraction time was selected as 15 min.

In summary, the final extraction protocol comprised application of

30 V for 15 min, using DEHPi+NPOE (1:1) as membrane solvent and

130 mM HCOOH as both sample diluent and acceptor. The selected

parameters enabled acceptable recovery and precision with additional

benefits of operational simplicity and acceptable sample throughput.

3.4 | Validation

Validation parameters are summarized in Table 1. The calibration

curves were linear in the range from 50 ng/mL (LLOQ) to 10,000 ng/

F IGURE 3 Amphetamine recovery from urine samples varying in (a) pH and (b) creatinine concentration. (c) The measured current (I) as a
function of creatinine using two different membrane solvents; DEHP+NPOE (5:95) (50 V) and DEHPi+NPOE (1:1) (30 V). T = 15 min, spike
conc. = 2000 ng/mL racemic amphetamine

F IGURE 4 Amphetamine recovery with varying (a) voltage
(t = 15 min) and (b) extraction time (30 V) with DEHPi+NPOE (1:1) as
SLM. Symbols represent unique samples
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mL, with R ≥ 0.9987 for both enantiomers. MRM chromatograms of

R-/S-amphetamine at the lowest calibrator level are shown in

Figure 5. The elution order was confirmed by analysis of pure S-

amphetamine.5 Estimated LODs (S/N > 3) were 2.5 and 5 ng/mL for

R-amphetamine and S-amphetamine, respectively. The LLOQ was set

to the lowest calibration concentration (50 ng/mL), and S/N was >30.

The between assay (n = 10) CV at LLOQ was 7% for both enantio-

mers and bias was <1.1%. QC samples at low (75 ng/mL), middle

(1000 ng/mL), and high (8000 ng/mL) concentrations were quantified

with bias within ±2%, within-assay CVs ≤ 1.5%, and between-assay

CVs ≤ 5%. External controls (n = 3, S-amphetamine) were quantified

with acceptable accuracy (jZj ≤ 1.9).

Extraction recoveries (RE) were 83% (CV = 6%) at low concentra-

tion and 90% (CV = 2%) at the high concentration. Matrix effects

(ME) were 96%–99% (CV ≤ 8%), which indicated neither signal

suppression nor enhancement. When corrected with IS, the matrix

effects were 99%–105% (CV ≤ 2%).

Carry-over in blank samples injected after a concentrated sample

(20,000 ng/mL) was 26%–36% of the lowest calibrator, which

exceeded recommended requirements (20% of LLOQ18). Attention to

carry-over should thus be taken in routine analysis. Samples that arrive

at our laboratory are first screened with a non-chiral screening method

for multiple drugs of abuse.8 Selected positive amphetamine samples

are further analyzed with the enantioselective method. Thus, the total

amphetamine concentration is known prior to analysis, and blank sam-

ples are injected after concentrated samples. A note should be made

that the carry-over seemed to be related to the high water content in

EME acceptor phases. This is further discussed in Section 3.5.

No interfering peaks were found in extracted blank urine (n = 6).

Extracted QC samples were stable at 10�C (auto sampler) for at least

7 days.

3.4.1 | Method comparison with routine lab

The EME-UHPSFC-MS/MS method was compared with the current

enantioselective routine method. The two methods differ only in the

sample preparation step. In the routine method, amphetamine is

extracted from urine using LLE followed by solvent evaporation and

reconstitution. The LLE-UHPSFC-MS/MS method has been applied in

drug testing for 15 months in analysis of over 6250 samples.

Anonymized urine samples (n = 31) previously analyzed in the

routine laboratory were reanalyzed with EME. Passing and Bablok

regression is presented in Figure 6. Assay results of both enantiomers

were included, making a total of 45 concentration pairs. According to

the Regional Committee of Research Ethics, no formal approval is

needed for brief presentation of routine results as part of a methodo-

logical article.

Assay results using EME deviated from the routine assay by an

average of 3%, ranging from �21% to 31%. One sample deviated 85%

from the original routine assay, and was subjected to re-analysis with

the routine method. Re-analysis with the routine method paralleled

the EME assay (2% dev.) and deviated from the original LLE assay by

TABLE 1 Validation data for amphetamine enantiomers in urine.

Analyte,

concentration
(ng/mL)

Calibration
range (ng/mL)

Linearity
(R)

LOD
(ng/mL)

LLOQ
(ng/mL)

Within-assay
CV (%)

Between-
assay CV (%)

Bias
(%)

RE

(CV
%)

ME

(CV
%)

IS-corrected
ME (CV %)

R-amphetamine 50–10,000 0.9989 2.5 50

75 1.1 3 �0.3 83 (6) 98 (2) 99 (1)

1000 1.2 5 0.1

8000 1.3 4 �0.7 90 (2) 99 (1) 99 (1)

S-amphetamine 50–10,000 0.9987 5 50

75 0.9 4 �2 84 (6) 97 (8) 105 (2)

1000 0.8 5 �0.5

8000 1.5 3 0.3 90 (2) 96 (7) 100 (1)

Note: Calibration range, coefficient of correlation (R), limit of detection (LOD), lower limit of quantification (LLOQ), within- (n = 6) and -between assay

(n = 10) precision, bias (n = 10), extraction recovery (RE, n = 6), matrix effects (ME, n = 6) and matrix effects corrected with internal standard (n = 6).

F IGURE 5 MRM chromatograms of R/S-amphetamine in urine at
the lowest calibration level (50 ng/mL of each enantiomer)

SKAALVIK ET AL. 915



82% suggesting an error in sample handling. The Passing and Bablok

regression line between EME and LLE was [EME] = 1.04

[LLE] + 2.94. The 95% confidence intervals of the intercept [�3.38,

11.5] and slope [1.02, 1.05] indicated that there was no constant bias,

but a proportional difference of 4%. As the proportional difference

between methods was minimal with a narrow confidence interval, the

agreement between methods was considered satisfactory.

3.5 | Evaluation of EME as sample preparation

Based on validation data, conductive vial EME allowed precision and

accuracy in accordance with recommended guidelines.17,18 Assay

results were in agreement with the routine method using LLE. Thus,

the data quality obtained with conductive vial EME was within our

requirements for routine methods.

Increased focus on sustainability and environmental impact

make discussing new methods in the context of green chemistry

relevant. Ultimately, future analytical procedures should promote

green chemistry in all steps. The recently presented greenness

evaluation tool dedicated to sample preparation, AGREEprep,24 was

used to compare conductive vial EME with LLE. Greenness scores

from AGREEprep analysis are presented in Figure 7 (calculations

are provided in Supporting Information). In the diagrams, the over-

all score is given in the center, surrounded by 10 performance cri-

teria. The length of each criteria represents the assigned weight

(to final score), whereas the color visualizes performance. AGREE-

prep scores were 0.54 and 0.47 for EME and LLE, respectively,

making EME the greener alternative among the two. The consump-

tion of organic solvent was 9 μL per sample with EME and 900 μL

per sample with LLE, which corresponds to a yearly usage of

approximately 0.004 L versus 4 L solvents for sample preparation.

In addition, EME was a one-step procedure, whereas the routine

LLE method included several operations including extraction, evap-

oration, and reconstitution. Sample throughput was superior with

LLE, as the method was semi-automated and performed in 96-well

plates. However, 96-well EME is under commercial development

and will enable high-throughput and semi-automated operation of

EME in the near future.

Comparing the proposed EME method with sample preparation

protocols reported in other chromatography-based bioanalysis of

amphetamine enantiomers, it is evident that the organic solvent con-

sumption of the majority of reported methods is an order of magni-

tude higher than EME.40–44 Notable exceptions are methods

proposed by Chermá et al.,45 where urine was diluted with water, and

by Hädener et al.,46 which employed on-line column switching in com-

bination with LC–MS.

F IGURE 6 Passing and Bablok regression for the determination
of R- (n = 16) and S-amphetamine in urine (n = 29) with EME-
UHPSFC-MS/MS and LLE-UHPSFC-MS/MS. Y-intercept = 2.94 (95%
CI �3.38 to 11.52), slope = 1.04 (95% CI 1.02 to 1.05). The Spearman
rank correlation coefficient was 0.997 (P < 0.0001, 95% CI 0.995 to
0.998)

F IGURE 7 Results of AGREEprep assessment of 10-position conductive vial EME, and 96-well LLE. Overall impact score in Centre,
surrounded by 10 performance criteria relating to (1) in-situ sample preparation, (2) safe solvents/reagents, (3) sustainable materials, (4) waste,
(5) sample, chemical and material amounts, (6) sample throughput, (7) integration of steps and automation, (8) energy consumption, (9) post-
sample prep. Configuration and (10) safety for operators. Length of each criteria represents weight (on final score) and color represent
performance
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Extraction into an aqueous acceptor EME is normally considered

an advantage, due to greenness and operational simplicity. However,

in the current work, comparison of carry-over in the UHPSFC

instrument when amphetamine was spiked in 130 mM HCOOH

(EME acceptor phase) and in a mixture of 130 mM HCOOH and IPA

(3:2 v/v) showed that carry-over was reduced in the latter injection

solvent. In the present application, the total amphetamine concentra-

tion was known prior to the enantioselective analysis, and carry-over

related issues could be circumvented by injection of blank samples.

4 | CONCLUSION

EME with prototype conductive vials was combined with UHPSFC-

MS/MS for determination of amphetamine enantiomers in urine. The

developed method showed high precision and accuracy, and assay

results were in agreement with the routine method that employed LLE

as sample preparation. EME offers lower organic solvent consumption

compared with LLE, making it a favorable technique in terms of green

chemistry. As the sample throughput of a 10-position vial system is

reduced compared with routine methods that employ automated liquid

handling and 96-well plates the study serves as a promising link to the

next step forward in conductive EME, a conductive 96-well system.

Extraction from samples of different origin showed that the large

and natural compositional variations of urine affected the mass transfer.

Therefore, an isotopically labelled internal standard was used to correct

quantitative data. Under these conditions, performance was in compli-

ance with regulatory requirements for bioanalytical methods. Thus, the

quantitative data obtained with EME, based on conductive vial technol-

ogy, were in accordance with those obtained using a routine method.
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