
lable at ScienceDirect

Analytica Chimica Acta 1104 (2020) 1e9
Contents lists avai
Analytica Chimica Acta

journal homepage: www.elsevier .com/locate/aca
Towards exhaustive electromembrane extraction under stagnant
conditions

Magnus Saed Restan a, Øystein Skjærvø a, Ørjan G. Martinsen b,
Stig Pedersen-Bjergaard a, c, *

a Department of Pharmacy, University of Oslo, P.O. Box 1068, Blindern, 0316, Oslo, Norway
b Department of Physics, University of Oslo, P.O. Box 1048, Blindern, 0316, Oslo, Norway
c Department of Pharmacy, Faculty of Health and Medical Sciences, University of Copenhagen, Universitetsparken 2, 2100, Copenhagen, Denmark
h i g h l i g h t s
* Corresponding author. Department of Pharmacy,
1068, Blindern, 0316, Oslo, Norway.

E-mail address: stig.pedersen-bjergaard@farm
Bjergaard).

https://doi.org/10.1016/j.aca.2020.01.058
0003-2670/© 2021 The Authors. Published by Elsevie
g r a p h i c a l a b s t r a c t
� Electromembrane extraction under
totally stagnant conditions.

� Extraction from whole blood.
� Very simple device with potential for
in-field operation.
a r t i c l e i n f o

Article history:
Received 28 November 2019
Received in revised form
22 January 2020
Accepted 27 January 2020
Available online 28 January 2020

Keywords:
Microextraction
Electromembrane extraction
LC-MS
Stagnant conditions
Basic drugs
Whole blood
a b s t r a c t

Electromembrane extraction (EME) in small, stagnant and chip-like devices has the potential for future
in-field operation. Literature briefly discuss such systems, but performance suffered from evaporative
losses of sample and acceptor. To address this, the current paper reports electromembrane extraction
(EME) of five basic drugs (model analytes) from aqueous buffer solutions and whole blood samples under
stagnant conditions in a completely closed system. A laboratory-made polyoxymethylene (POM) well
plate served as compartment for the sample solution, while a commercially available well filter plate was
used to immobilize 2-nitrophenyl octyl ether (NPOE) as supported liquid membrane (SLM) and as closed
compartment for the acceptor solution. Major design parameters (sample compartment and electrode
geometry) and operational parameters (sample volume, voltage and extraction time) were investigated
and optimized. Electrode geometry was not very critical, but extraction efficiency increased with
decreasing sample volume. Extraction from 50 mL aqueous buffer solution for 60 min and with a voltage
of 75 V was considered exhaustive (sample was depleted), with recoveries ranging between 75% and 87%
for loperamide, haloperidol, methadone, nortriptyline, and pethidine (RSD: 2e12%). Extraction from
whole blood samples under optimized conditions yielded slightly lower recoveries, ranging between 57
and 96% (RSD: 3e12%). Stagnant EME was evaluated in combination with liquid chromatography-mass
spectrometry (LC-MS) as a highly specific instrumental method, and provided evaluation data on
methadone from blood samples in accordance with regulatory requirements (LOD: 0.4 ng/mL, LOQ:
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1.4 ng/mL, RSD: 6e20%). This work has improved upon the design of stagnant EME, moving it further
towards a viable in-field operation device.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electromembrane extraction (EME) was introduced in 2006 as a
combination of conventional liquid-liquid microextraction and
electrophoresis [1]. The EME system comprises three liquid phases:
the aqueous sample (donor) solution, the supported liquid mem-
brane (SLM, i.e an organic solvent immobilized in the pores of a
filter membrane), and the aqueous acceptor solution. Analytes are
extracted from the sample solution to the acceptor solution by an
electrical field, which is applied to the system by placing an elec-
trode in each of the aqueous solutions. The electrodes are coupled
to an external power supply. In order to promote electrokinetic
migration, sample and acceptor solution pH is adjusted to keep the
analytes charged. For extraction of basic analytes, pH should be
neutral or acidic, and the cathode is placed in the acceptor solution.
For acids, EME occurs under neutral or alkaline conditions, and the
direction of the electrical field is reversed. The choice of organic
solvent in the SLM is critical in order to get an efficient, stable, and
selective extraction system. The solvent should have a high degree
of water immiscibility and be non-volatile at operational temper-
ature [2]. For basic analytes the solvent should have strong
hydrogen bond acceptor properties, to facilitate the transfer of
protonated substances [3]. For non-polar basic analytes, 2-
nitrophenyl octyl ether (NPOE) has been the solvent of choice, as
it fulfils the aforementioned criteria and yields excellent extraction
recoveries [1].

While maintaining all of the benefits of a microextraction sys-
tem, such as microliter solvent usage (3e10 mL), compatibility with
small sample volumes, and high extraction selectivity, the use of an
electrical field adds flexibility to EME. With an electrical field as the
main driving force, extraction time can be significantly shortened
compared to diffusion-based techniques [4]. The possibility to tune
the magnitude (voltage) and direction (polarity) of the electrical
field gives another dimension of selectivity. Up to date EME has
been utilized for the extraction of a multitude of different com-
pounds, such as hydrophobic/hydrophilic basic and acidic drugs
[1,5], environmental contaminants [6] peptides [7], metals [8,9] and
inorganic ions [10] from environmental waters [11] and biological
matrices including urine [12], plasma [13] and whole blood [14].
EME has also been further miniaturized as an on-chip device for
sample clean up and isolation in online analysis [15], and for
continuous in-vitro drug metabolism measurements [16].

In order to get fast extraction kinetics and high analyte recovery,
the EME system needs to be agitated. Strong convection improves
mass transfer significantly and ensures contact between the sample
solution, SLM and acceptor solution [17]. While the benefits of
agitation are important, the agitation equipment reduces the
simplicity of the system. EME has potential for in-field operation,
because equipment is sizeable to very small dimensions and
because the power supply can be a battery, but the agitation is a
challenge unless EME is performed under stagnant conditions. In
EME without agitation (stagnant EME), the sample solution re-
quires continuous contact with the SLM [14]. Due to a lack of
convection in the sample solution, extraction kinetics are slow and
therefore, sample volume needs to be reduced or extraction times
increased, as compared to EME under convective conditions. Three
different approaches to stagnant EME have previously been
published. In one approach, five non-polar basic drugs were
extracted by stagnant EME from 10 mL urine and plasma samples in
an open drop-to-drop setup Extractions were limited to 5 min due
to the open nature of the system, and longer extractions suffered
from evaporative losses of acceptor solution [18]. In a second
approach, four basic drugs were extracted from 70 mL plasma in a
hollow-fibre setup. The system suffered from diminishing re-
coveries with extraction times exceeding 5 min, limiting the pos-
sibility for exhaustive extraction [19]. The third approach is micro-
EME using sample and acceptor volumes of 1e5 mL. This approach
shows great potential and offers sample clean-up, high recoveries
and short extraction times (<10 min), but is limited to very small
sample volumes [20].

In the present work, a fully closed experimental system for
stagnant EME was developed and optimized to investigate the
potential for exhaustive extraction. Extraction performance was
evaluated with the five non-polar basic analytes loperamide,
haloperidol, nortriptyline, methadone, and pethidine from aqueous
buffer solutions and whole blood. The stagnant EME setup was
evaluated in combination with LC-MS/MS as a highly specific
instrumental method to initially verify the reliability of the concept.
2. Experimental

2.1. Chemicals

NPOE, 2-nitrophenyl pentyl ether (NPPE), acetonitrile (ACN),
formic acid (FA), loperamide hydrochloride, methadone hydro-
chloride, nortriptyline hydrochloride, pethidine hydrochloride,
haloperidol hydrochloride, phosphoric acid, sodium dihydrogen
phosphate and sodium chloride (NaCl) were purchased from Sigma
Aldrich (St Louis, MO, USA). Pooled drug-free whole blood samples
were obtained from four volunteers at the University of Oslo,
Department of Pharmacy (Oslo, Norway). Deionized water was
obtained from a Milli-Q water purification system (Molsheim,
France).

A stock solution of haloperidol, loperamide, methadone,
nortriptyline, and pethidine was prepared by dissolving 10 mg of
each analyte in 10 mL ethanol. The stock solution was diluted with
phosphate buffer or phosphoric acid to a concentration of 5 or
10 mg/mL of each analyte.
2.2. Whole blood

Pooled frozen whole blood samples were obtained from four
healthy subjects at the University of Oslo. The authors state that
they have obtained appropriate institutional review board approval
and have followed the principles outlined in the Declaration of
Helsinki for all human experimental investigations. Subsequently,
after thawing, the blood samples were diluted 1:1 with 10 mg/mL of
the five basic analytes in either 20mMphosphate buffer or 100mM
phosphoric acid. For the evaluation experiments, the blood samples
were diluted 1:1, making concentrations of methadone of 1.5, 0.5,
0.2, 0.1 or 0.05 mg/mL.

http://creativecommons.org/licenses/by/4.0/
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2.3. High-performance liquid chromatography with UV-detection
(HPLC-UV)

HPLC-UV conditions have been described previously [21]. In
brief, the chromatographic separation was accomplished with a
Phenomenex (Torrance, CA, USA) column (Gemini 5u C18 110A
(inner diameter (ID): 1.0 mm, length (L): 150mm, particle size (dp):
5.0 mm). Mobile phase A consisted of 20mM FA and ACN (95:5, v/v),
and mobile phase B consisted of 20 mM FA and ACN (5:95, v/v). The
injection volume was set to 20 mL with a mobile phase flow of
0.4 mL/min. The chromatographic separation was performed over
15 min with a linear gradient from 0% to 40% mobile phase B. This
composition was kept constant for 2 min before the system was
flushedwith 80%mobile phase B for 2min. Finally, the gradient was
re-established at 0% mobile phase B for 6 min prior to a new in-
jection. The column temperature was set to 60 �C. The UV detection
was performed at 214 nm.

2.4. High performance liquid chromatography-mass spectrometry
(HPLC-MS)

The chromatographic separationwas carried out on 5 mL sample
at 50 mL/min with a Dionex (Sunnyvale, CA, USA) Ultimate 3000
pump module coupled to a Phenomenex (Torrance, CA, USA)
Gemini 5u C18 110A (ID: 1.0 mm, L: 150 mm, dp: 5.0 mm). The
chromatographic separation was performed over 11 min with a
linear gradient from 2 to 90% mobile phase B (ACN/water/FA:95/5/
0.1 v/v/v) followed by 5 minwash and a subsequent reconditioning
for 10 min with mobile phase A (ACN/water/FA:5/95/0.1 v/v/v).
Detection was performed with a Thermo Fischer TSQ Quantum
Access operated in SRMwith positive mode electrospray ionization
(ESI). The applied voltage was set to 4 kV, heated capillary: 270 �C,
CID at 20 eV, collision gas pressure to 1.7 mTorr and 0.5 s scan in-
tervals. The Q1 and Q3 resolution were both set to 0.7 at full width
at half maximum (FWHM). The MS transitions used for methadone
were m/z 310.20 / 219.45, m/z 310.20 / 223.13, and m/z
310.20 / 265.10. The system was operated by Dionex Chromeleon
Xpress and Thermo Fischer Xcalibur 2.2 (version: SP 1.48).

2.5. Electromembrane extraction

The EME equipment used is shown in Fig.1. A laboratory-built 8-
well plate made from polyoxymethylene (POM) served as sample
compartment. Each well had a radius of 3.3 mm, a depth of
1.80 mm, and a volume of 50 mL. For the optimization of sample
volume, a similar POM plate was used, with a radius of 3.3 mm and
four different wells with depths of 1.8, 2.9, 4.6, and 6.4 mm. A hole
with 0.5 mmwidth (W) was drilled in the bottom of each well and
silver wire (W: 0.5 mm) electrodes (K.A. Rasmussen, Hamar, Nor-
way) was inserted through the holes. The electrodes were glued to
the bottom of the plate to avoid any leakage of the sample solution.
Fig. 1. Extraction setup. a) Picture of the 8-well sample plate and a
A 96-well MultiScreen-IP filter plate with polyvinylidene fluoride
(PVDF) filter membranes (100 mm thickness and 0.45 mm pore size,
Merck Millipore Ltd., Carrigtwohill, Ireland) was cut into single
wells and served as both the membrane for the SLM and
compartment for the acceptor solution. An ES 0300-0.45 (Delta
Elektronika BV, Zierikzee, The Netherlands) was used as the power
supply.

Firstly, the sample solutionwas pipetted into awell of the 8-well
plate. Secondly, 3 mL of NPOE was pipetted on the filter of a single
SLM/acceptor compartment and allowed to immobilize (5e10 s).
Thirdly, 50 mL acceptor solutionwas pipetted into the SLM/acceptor
compartment. A silver electrode (W: 0.5 mm) was inserted through
and glued to a septa seal (Thermo Scientific, Waltham, MA, USA),
which fitted exactly to the top of the SLM/acceptor compartment
and functioned both as lid and cathode. Prior to extraction, the
electrodes were connected to an external power supply and
coupled to a Metrahit X-tra multimeter (Gossen-Metrawatt,
Nürnberg, Germany) in order to measure the current. After
extraction, the acceptor solution was pipetted and transferred to
HPLC glass vials.
2.6. Calculations

The EME recovery was calculated using the following equation:

Recoveryð%Þ¼ CapVap

CdpVdp
� 100 (1)

where Cap is the final concentration of the analyte in the acceptor
phase, Cdp is the initial analyte concentration in the donor phase,
Vap is the volume of the acceptor phase and Vdp is the volume of the
donor phase.
3. Results and discussion

As illustrated in Fig. 1, both the sample and acceptor solution
was in closed compartments designed to avoid evaporation, which
has been a limitation in previous work [18]. The performance of the
system was evaluated based on extraction recovery, accuracy, and
precision of the model analytes. The impact of design and opera-
tional parameters, including sample well depth, electrode geome-
try, voltage and time, were investigated in regards to performance.
Optimization was performed stepwise; first from aqueous buffer
solutions and subsequently from whole blood samples.

The five model analytes haloperidol, loperamide, methadone,
nortriptyline, and pethidine were selected as ideal candidates for
EME (mono-basic and log P > 2) and enabled comparison of per-
formance with EME in other technical configurations. The analytes
were dissolved in aqueous solutions of phosphate buffer (pH 2.7) to
ensure complete ionization and to avoid pH changes due to elec-
trolysis [1]. The same buffer was also used as acceptor solution in
cceptor well clamped,b) schematic illustration of an EME-cell.
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order to promote the dissolution of analytes from the SLM. NPOE
was chosen as SLM because of excellent extraction performance for
non-polar basic compounds [1]. To promote the extraction of
positively charged basic analytes from the sample to the acceptor
solution, the negative electrode (cathode) was placed in the
acceptor solution and the positive electrode (anode) in the sample
solution.

It should be emphasized that the current work is conceptual,
and experiments were conducted in a model system to study
fundamental aspects. The analytes were selected as model sub-
stances only, to provide data comparable with previous publica-
tions. All measurements were by HPLC-UV and HPLC-MS, and these
are not in-field instruments. However, they were used as highly
reliable instrumental methods, to investigate the reliability of the
concept of stagnant EME. From the current proof-of-concept, future
work should be focused on combinations with portable analytical
devices (PADs) and applications where PADs provide sufficient
selectivity and sensitivity.

3.1. Theory

Previously published work on stagnant EME performed in a
drop-to-drop system developed the following equation for
extraction recovery as a function of time (Ri(t)) [18]:

RiðtÞ¼100%$
2A
Vs

ffiffiffiffiffi
Di

p

r
t (2)

where A is the surface area of the SLM, Vs is sample volume, Di is the
diffusion coefficient of the analyte, and t is the extraction time.
Increasing A enhances the extraction recoveries, but in this work A
was constant and determined by the dimensions of the membrane
(28 mm2). Di was inherent for each analyte, leaving only Vs and t to
be operational parameters. From Eq. (2), decreasing the sample
volume and increasing the extraction time will theoretically in-
crease the extraction recovery.

Even though extraction in EME is driven by an electrical field,
the major voltage drop is across the SLM [21], and therefore mass
transfer in bulk sample is mainly by passive diffusion. In traditional
EME performed under convectional conditions, agitation enhances
this mass transfer. In stagnant EME, however, the analyte concen-
tration in the sample/SLM intersection is depleted rapidly, and this
seriously affects extraction kinetics. In order to improve the ki-
netics, the average diffusion distance (distance from the centre of
the sample volume and to the SLM) should be as short as possible.
Therefore, the depth of the sample wells (sample compartment
geometry) was optimized. Even though temperature of the sample
and acceptor solution has been reported to increase the diffusion of
analyte [22], all extractions were performed at room temperature
to keep the EME system simple.

3.2. Initial optimization experiments

3.2.1. Sample compartment geometry and volume
Four different sample well depths were tested (1.8, 2.9, 4.6 and

6.4 mm). As the cross-sectional area of the sample wells was con-
stant and identical to the area of the SLM, the corresponding
sample volumes were 50, 80, 130 and 180 mL, respectively. In all
cases, the sample wells were loaded to maximum where the
sample was in contact with the entire cross-sectional area of the
SLM. Extractions were performed for 10 min at 75 V, yielding a
current of >5 mA with NPOE as SLM, and with 50 mL of 20 mM
phosphate buffer (pH 2.7) as acceptor solution. A similar experi-
ment was conducted with NPPE as organic solvent in the SLM.
However, recoveries were lower with NPPE and consequently,
NPOE was chosen as organic solvent in further experiments. As the
results in Fig. 2 clearly demonstrate, extraction recoveries increased
as a function of reduced well depth and Vs, in accordance with the
theoretical model presented in Eq. (2). As sample well depth and
volume decreased, the average diffusion distance decreased and
the electrical field in the sample (V/cm) increased. These effects
concurrently yielded higher extraction recoveries. Therefore, 50 mL
was selected as the optimal sample volume and 1.5 mm as the
optimal well depth for the further experiments. Because acceptor
volume was 50 mL, no enrichment was achieved in current setup,
but as discussed later, the system provided excellent sample clean
up. The sample filled the entire well without any air bubbles pre-
sent. Therefore, experiments with mechanical movement of the
device, manually and by a laboratory agitator, induced neither
convection nor improved mass transfer.

3.2.2. Electrode geometry
In order to test the impact of electrode geometry on the elec-

trical field distribution and extraction performance, extractionwith
three different cathodes (rod, u-shaped, and coil) were tested. All
electrodes were placed with the same distance to the SLM, and
extractions were performed with similar conditions as in section
3.2.1. Neither recovery, reproducibility, nor extraction current was
significantly affected by the difference in electrode geometry. The
electrical field of the three different electrodes was modeled in
Comsol Multiphysics® 5.4 (COMSOL Inc., USA) which revealed that
in all three configurations, less than 0.1% of the total applied voltage
was lost to the acceptor and donor solutions (Fig. 3). Since the
membrane has a conductivity that is approximately five orders of
magnitude lower than that of the liquid phases [21], it dominates
the resistance of the system and hence the shape of the electrodes
is not very crucial for the performance. The rod-shaped electrode
was selected for further experiments, based on its simplicity.

3.2.3. Voltage
Different voltages in the range 0e100 V were tested and the

recoveries after 10 min of extraction are presented in Fig. 4. As
expected, no analytes were detected in the acceptor solution with
0 V. Thus, no mass transfer occurred across the SLM without
voltage. Increasing the voltage up to 10 V provided recoveries be-
tween 30 and 45%, while further increases in voltage yielded only
modest increases in recovery. Lower overall RSDs were observed at
higher voltage; therefore, 75 V was selected for extraction from
aqueous buffer solutions. In all experiments, the current was
initially 10e20 mA when the voltage was applied, followed by a
quick decline to a stable current at 1e2 mA throughout the rest of
the extraction. This current profile is typical for EME of non-polar
basic drugs using NPOE as SLM [23].

3.2.4. Extraction time
Extraction times between 2 and 60 min were tested, from 50 mL

sample using a voltage of 75 V (Fig. 5). After 2 min, approximately
15% recovery was achieved for the model analytes. This is in
agreement with previously published experiments, where analyte
in the sample/SLM intersection was extracted quickly over to the
acceptor solution [18]. Because the current EME system was totally
closed, extraction time was not limited, and experiments up to
60 min were conducted successfully. Recoveries increased with
extraction time up to 60 min. Recoveries after 60 min ranged be-
tween 75 and 87% (Table 3), and are considered as exhaustive or
near-exhaustive extraction. This was based on analysis of the
sample solution after extraction, which was depleted. The extrac-
tion recoveries were superior to the data reported with previous
stagnant EME systems [18,19].

In additional experiments, the acceptor solution was weighed



Fig. 2. Extraction recovery versus sample volume (Vs) with error bars (SD). Sample: 5 mg/mL of pethidine, haloperidol, nortriptyline, methadone and loperamide in 10 mM
phosphate buffer (pH 2.7), acceptor solution: 50 mL 10 mM phosphate buffer (pH 2.7), SLM: 3 mL NPOE, voltage: 75 V and extraction time: 10 min n ¼ 3.

Fig. 3. Plot from Comsol Multiphysics® showing potential distribution for rod-shaped electrode.
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before and after extraction. The measurements, presented in
Table 1, revealed that no significant evaporative losses of acceptor
solution were observed even after 60 min of operation. Clearly, the
current closed extraction system was much more reliable as
compared to the open drop-to-drop extraction systems reported
previously for stagnant EME [18]. The robustness of the closed
system provided a possibility for long-term operation, which was
required under stagnant conditions in order to obtain high
recoveries.
3.2.5. Ion balance
In previous work, the steady-state flux of an ion across the SLM

was described by the following equation (Eq. (3)) [24].

Ji ¼
Di

h

�
1þ v

ln c

�� c� 1
c� expð�vÞ

��
ci � ci;0 expð�vÞ� (3)

where Di is the diffusion coefficient of the ion, h is the thickness of
the SLM, v is the dimensionless driving force and c the ion balance.
Ion balance (c) is defined as the ratio of total ionic concentration in
the sample divided by the total ionic concentration in the acceptor
solution:

c¼
P

ici;cations þ
P

kck;anionsP
ici;0;cations þ

P
kck;0;anions

(4)

Theoretically, the flux of ions across the SLM increases with
increasing ion balance. The main contribution of ions in both the
sample and acceptor solution will be the buffer ions since the
contribution from dissolved analytes is negligible. Consequently,
the experiments in section 3.4.1-3.4.4 were performed with c ¼ 1
since 10 mM phosphate buffer was utilized both as sample and
acceptor solution.

To evaluate the possible effect of ion balance, extractions were
performedwith c-values of 0.04, 0.4, and 1with voltage of 75 V and
10 min extraction time. As the results summarized in Table 2
demonstrates, neither recoveries nor repeatability was affected



Fig. 4. Extraction recovery versus extraction voltage with error bars (SD). Sample: 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline, methadone and loperamide in 10 mM
phosphate buffer (pH 2.7), acceptor solution: 50 mL 10 mM phosphate buffer (pH 2.7), SLM: 3 mL NPOE and extraction time: 10 min n ¼ 3.

Fig. 5. Extraction recovery versus extraction time. Sample 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline, methadone and loperamide in 10 mM phosphate buffer (pH 2.7),
acceptor solution: 50 mL 10 mM phosphate buffer (pH 2.7), SLM: 3 mL NPOE, voltage: 75 V n ¼ 3.

Table 1
Measurement of acceptor solution volume before and after EME.

Condition Mean (n ¼ 3) ± SD

Before EME 50.2 ± 0.2 mL
After 10 min EME 46.4 ± 2.0 mL
After 60 min EME 47.4 ± 1.7 mL

Table 2
Extraction recoveries as a function of ion balance.

Recovery (%) ± SD (n ¼ 3)

Ion balance X ¼ 1a X ¼ 0.4b X ¼ 0.04c

Pethidine 43 ± 0.3 45 ± 2.2 48 ± 2.2
Haloperidol 40 ± 2.3 39 ± 3.1 42 ± 2.1
Nortriptyline 41 ± 1.7 42 ± 2.5 43 ± 1.7
Methadone 41 ± 0.8 42 ± 3.6 46 ± 1.1
Loperamide 40 ± 2.5 37 ± 3.1 44 ± 2.8

a Sample: 10 mM, acceptor: 10 mM.
b Sample: 10 mM, acceptor: 25 mM.
c Sample: 1 mM, acceptor: 25 mM.
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significantly by the ion balance. We also tested 2.5% (w/w) NaCl in
the sample, but again recoveries were not affected. This further
supports that the limiting step in stagnant EME is not the flux of
analytes across the SLM, as is the case in EME under convective
conditions, but rather the mass transfer in the sample.
3.3. Extraction from whole blood

The optimized EME conditions used with the aqueous buffer
solutions were tested on thawed whole blood samples to investi-
gate capability with real samples. The blood samples were diluted
1:1 with 10 mg/mL of the five model analytes in either 20 mM
phosphate buffer or 100 mM phosphoric acid to a final analyte
concentration of 5 mg/mL. pH of the diluted whole blood samples
were measured to 6.8 and 3.5, respectively. In the initial experi-
ments, a voltage of 75 V was applied for 10 min, yielding recoveries
in the range 10e20%. Increasing the voltage to 125 V nearly doubled



Table 3
Analytical data from HPLC-UV analysis of EME extracts after 60 min extractions.

Analyte Buffer solution Whole blood

Pet Hal Nor Met Lop Pet Hal Nor Met Lop

ER (%) 86 85 82 87 75 96 74 65 87 57
RSD (n ¼ 3) 3 8 2 6 12 11 12 7 12 3
LOD (mg/mL) 0.9 0.1 0.2 0.3 0.2 0.9 0.5 0.4 0.3 0.2
LOQ (mg/mL) 2.8 0.5 0.7 1.1 0.8 2.8 1.6 1.5 1.1 0.8

Pet-pethidine, Hal-haloperidol, Nor-nortriptyline, Met-methadone, Lop-loper-
amide.
ER: extraction recovery.
LOD: limit of detection, LOQ: limit of quantification.
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the recoveries (18e38%) and current profiles were still stable
(�5 mA). Therefore, a potential of 125 V was used as optimal voltage
for whole blood samples. Compared to aqueous buffer solutions,
the extraction kinetics fromwhole blood samples with pH 6.8 were
considerably slower and displayed larger compound-to-compound
variability. Thus, after 60 min, the recoveries for pethidine and
Fig. 6. Extraction recoveries versus extraction time from whole blood diluted 1:1 with 20
methadone and loperamide in 1:1 diluted whole blood, acceptor solution: 50 mL 10 mM ph

Fig. 7. Extraction recoveries versus extraction time from whole blood diluted 1:1 with 100
methadone and loperamide in 1:1 diluted whole blood, acceptor solution: 50 mL 10 mM ph
nortriptyline were 79% and 35%, respectively (Fig. 6).
Since the diffusion of analytes in the sample solution is

considered an essential parameter in stagnant EME, the higher
viscosity of whole blood [25] compared to aqueous buffer solution,
contributed to slower kinetics. Based on reported diffusion co-
efficients for the model analytes in water, where methadone (10.3
*10�6 cm2/s) and nortriptyline (8.0 *10�6 cm2/s) have the highest
values [18], the differences in extraction kinetics were not clearly
correlated with diffusivity. Apparently, the differences in extraction
kinetics more correlated with reported values for protein binding
[26]. pH of 6.8 is near physiological pH and the protein binding
equilibrium is to a large degree retained. Pethidine has a relatively
low protein binding of 58%, while the other model analytes range
between 89 and 97%. With low protein binding, more unbound
analyte is available for electrokinetic migration. Extraction re-
coveries from the acidified blood samples (pH 3.5) were consider-
ably higher than for pH 6.8 blood samples, with extraction
recoveries ranging from 57 to 96% after 60 min (Table 3). The
diffusivity remains the same, but the extraction kinetics were
higher (Fig. 7), due to a lower degree of protein binding, resulting in
mM phosphate buffer. Sample 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline,
osphate buffer (pH 2.7), SLM: 3 mL NPOE, voltage: 125 V n ¼ 3.

mM phosphoric acid. Sample 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline,
osphate buffer (pH 2.7), SLM: 3 mL NPOE, voltage: 125 V n ¼ 3.



Fig. 8. 1) UV-chromatogram after 60 min EME from 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline, methadone and loperamide in 1:1 diluted whole blood, 2) UV-
chromatogram after 60 min EME from 50 mL of 5 mg/mL pethidine, haloperidol, nortriptyline, methadone and loperamide in 10 mM phosphate buffer (pH 2.7). SLM: 3 mL NPOE.
Voltage 1) 125 V, 2) 75 V.

Fig. 9. Peak signal to methadone concentration in sample after 60 min EME of diluted whole blood with error bars (SD). Sample: 50 mL of 1:1 diluted whole blood spiked to different
concentration of methadone (50, 100, 200, 400, 1500 ng/mL), acceptor solution: 50 mL 0.1% formic acid, voltage: 125 V, and SLM: 3 mL NPOE. n ¼ 5.
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a higher degree of unbound analyte. Still, a certain degree of protein
binding is assumed, since the same compound-to-compound
variability demonstrated with the blood samples with pH 6.8,
was observed with the acidified blood samples.

Extraction times of 60 min are not commonly reported and
might limit the throughput of stagnant EME. However, considering
that the sample needs no further sample preparation, demands
only minimal sample handling, and the potential for multiple ex-
tractions at the same time, stagnant EME can be comparable to
other sample preparation techniques such as protein precipitation,
which have lower time consumption but demands numerous
sample handling steps as well as equipment.

The HPLC-UV chromatograms in Fig. 8 illustrates the selectivity
of stagnant EME. The organic SLM and the electrical field discrim-
inated most matrix compounds in whole blood, and the acceptor
solution represented a highly purified extract of the sample based
on UV-absorbance at 214 nm.
3.4. Evaluation of whole blood extraction

Stagnant EMEwas evaluated briefly in combinationwith LC-MS/
MS for the determination of methadone in spiked whole blood
samples. Methadone was selected as model analyte due to its
relevance in drug monitoring both to control patient concordance
and to make adequate dose adjustments. The MS/MS transitions
were in accordance with what has been described previously [27].
Methadone was spiked into whole blood samples (n ¼ 5) below,
within, and above the therapeutic window (i.e. 80-700 ng/mL) [28].
The calibration curve (Fig. 9) was linear in this range with a cor-
relation of R2 ¼ 0.99. RSD values were 13%, 6%, 10%, 7% and 20% for
50, 100, 200, 500 and 1500 ng/mL, respectively. LOD and LOQ were
calculated to be 0.4 ng/mL and 1.3 ng/mL using a signal to noise
ratio (S/N) of 3:1 and 10:1 respectively. No methadone peaks with
the respective ion transitions were observed in the analysis of blank
whole blood samples (n ¼ 3).
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4. Conclusion

The present work has improved the understanding and opera-
tion of EME under stagnant conditions. The development of a
closed extraction setup opens up the possibility for prolonged
extraction times without evaporation of sample and acceptor so-
lution. The diffusion distance (i.e lower sample volume) in the
sample proved to be the essential design parameter. Different
electrode geometries, ion balances, and voltages provided only
small variances in extraction recoveries. Exhaustive extraction was
obtained from pure buffer solutions by extending the extraction
time to 60 min. Extraction from spiked whole blood yielded lower
recoveries, due to higher viscosity and protein binding. Evaluation
of stagnant EME combined with LC-MS/MS for determination of
methadone in whole blood yielded acceptable linearity and
repeatability within the therapeutic window. This work has
demonstrated that simplifying the EME setup (i.e. by removing the
agitation device) provided a portable extraction system. This sys-
tem has future potential for in-field operations andwill be explored
in upcoming research in combination with portable analytical de-
vices and smartphones (not trace-level applications and LC-MS/
MS).
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