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ABSTRACT

In this fundamental study, streptomycin was extracted successfully from urine and plasma using elec-
tromembrane extraction (EME). Streptomycin is an aminoglycoside with log P -7.6 and was selected as
an extremely polar model analyte. EME is a microextraction technique, where charged analytes are ex-
tracted under the influence of an electrical field, from sample, through a supported liquid membrane
(SLM), and into an acceptor solution. The SLM comprised 2-nitrophenyl pentyl ether (NPPE) mixed with
bis(2-ethylhexyl) phosphate (DEHP). DEHP served as ionic carrier and facilitated transfer of streptomycin
across the SLM. For EME from urine and protein precipitated plasma, the optimal DEHP content in the
SLM was 45-50% w/w. From untreated plasma, the content of DEHP was increased to 75% w/w in order
to suppress interference from plasma proteins. Most endogenous substances with UV absorbance were
not extracted into the acceptor. Proteins and phospholipids were also discriminated, with <0.6% of pro-
teins and <0.02% of phospholipids found in the acceptor after EME. Thus, despite the fact that the SLM
was permeable to more polar molecules, the EME still provided very efficient sample cleanup. Extraction
process efficiencies of 98% and 61% were achieved from urine and plasma, respectively, with linear cali-
bration (R? > 0.9929), absence of significant matrix effects (94-112%), accuracy of 94-125%, and RSD <
15% except at LLOQ. The average current during extractions was 67 pA or less. The findings of this paper

demonstrated that EME is feasible for extraction of basic analytes of extreme polarity.

© 2021 The Author(s). 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

For more than two decades, microextraction has been a major
point of research focus within analytical chemistry. Electromem-
brane extraction (EME) is an example, suited for selective extrac-
tion of ionizable compounds from complex biological and environ-
mental samples [1]. In EME, the sample solution is separated from
a clean acceptor solution by means of a supported liquid mem-
brane (SLM), comprising a water-immiscible (hydrophobic) solvent
immobilized in the pores of a supporting polymeric membrane.
The aqueous solutions are pH adjusted to favor ionization of the
target analytes, and extraction is based on application of an elec-
tric field across the SLM. The process may thus be considered as
electrophoresis across an oil membrane. EME is an attractive tech-
nique for selective extraction, since selectivity is based on analyte
charge and partitioning.

Since the introduction of EME in 2006 [2], focus has been di-
verted to successful extraction of non-polar (log P 2 to 5) [3-6] and
moderately polar (log P 0 to 2) [7-10] analytes. Due to effective
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discrimination of polar matrix constituents by the SLM, excellent
sample cleanup has been obtained. In recent years, increasing at-
tention has been drawn to the application of EME for extraction of
polar (-2 < log P < 0) and highly polar analytes (-5 < log P <
—2). Polar and highly polar analytes are challenging with most ex-
traction techniques due to poor partition, and this is also the case
with EME. Even with a high electrical field across the sample-SLM
interface, transfer of polar and highly polar cationic or anionic an-
alytes across the interface may be limited. Recently, bases with log
P —5.7 to +1.5 were extracted successfully [11-13], and based on
this EME was recently mentioned as one of the more promising
microextraction techniques for polar and highly polar compounds
[14]. Development of suitable EME methods for polar, highly po-
lar, extremely polar (log P < —5) compounds may be very attrac-
tive for metabolomics [15], peptidomics [16], and for environmen-
tal sciences [17]. However, for such research and development to
be successful, more experiences are required. Especially, we need
to understand (a) how to design the SLMs, (b) if extremely polar
analytes can be extracted, and (c) if such EME systems provide ac-
ceptable selectivity and cleanup from complex real samples.

In this work, we selected streptomycin as a model analyte of
extreme polarity, to address the research questions above. Strepto-
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Fig. 1. Chemical structure of streptomycin and dihydrostreptomycin (IS). The red-
colored groups indicates the difference of the structures.(For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

mycin is an aminoglycoside. Aminoglycosides are antibiotics used
against gram-negative bacteria causing diseases like tuberculosis,
and act by inhibiting the bacteria protein synthesis. Chemically, the
structures are based on glycosides with amine-based modifications
that make the molecules very hydrophilic, and thus very challeng-
ing to extract with equilibrium-based microextraction techniques
[15]. Streptomycin is listed by the World Health Organization as
critically important for human medicine [18]. It is therefore of high
importance to have efficient analytical-scale sample preparation
methods that can provide good cleanup of streptomycin from com-
plex matrices. The chemical structure of streptomycin is shown in
Fig. 1. The log P value is —7.6, but since streptomycin carries three
positive charges at pH < 7.4, the effective distribution coefficient
(log D) is rather —12.0 under physiological conditions [19]. Addi-
tionally, the pH window where streptomycin is uncharged is very
narrow. The typical strategy for enhanced extraction of polar bases
into a hydrophobic phase by raising the pH above the pKa value is
therefore not feasible. Historically, extraction of streptomycin and
other aminoglycosides has been performed by solid-phase extrac-
tion, using either cation-exchangers, C18 sorbents with added ion-
pair reagent, and hydrophilic-lipophilic-balance sorbents [20].

The current paper contributes with new experiences and
knowledge related to EME of extremely polar substances. EME
was combined with hydrophilic interaction liquid chromatogra-
phy (HILIC) coupled to tandem mass spectrometry (MS/MS). Ini-
tially, different solvents were screened to identify a suitable SLM.
Subsequently, the effect of sample pH and SLM composition for
urine and plasma samples was studied by means of a design-
of-experiments (DOE) approach. Finally, the data reliability of the
proposed EME system was evaluated. The paper is a fundamental
study, and the conclusions are of high importance for further de-
velopment of EME.

2. Experimental
2.1. Chemicals and reagents

Milli-Q (MQ) water was provided by an Integral 3 purification
system (Milli-Q, Molsheim, France). LC-grade methanol (MeOH),

LC-MS grade acetonitrile (ACN), 2-nitrophenyl octyl ether (NPOE),
2-nitrophenyl pentyl ether (NPPE), bis(2-ethylhexyl) phosphate
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(DEHP), ammonium acetate, formic acid, citric acid, disodium
hydrogen phosphate, phosphoric acid (85%), streptomycin sul-
fate, and dihydrostreptomycin sesquisulfate were purchased from
Merck (Darmstadt, Germany). Bovine serum albumin (Pierce™)
was purchased from Thermo Scientific (Waltham, MA, USA), and
Coomassie dye reagent was purchased from Bio-Rad Laboratories
(Hercules, CA, USA). Plasma samples were obtained from Oslo Uni-
versity Hospital (Oslo, Norway) and stored at —28 °C. Urine sam-
ples were obtained from a healthy volunteer and stored at —28 °C.

2.2. Preparation of solutions

2.2.1. Standards

Streptomycin sulfate and dihydrostreptomycin sesquisulfate (in-
ternal standard - IS) were dissolved individually in MQ water at
2 mg mL~! and frozen in aliquots at —28 °C. From these, working
solutions were prepared daily and used for spiking of standards
and biological samples.

2.2.2. Buffer solutions for sample adjustment

Buffers in the pH range 2.5-7.3 were prepared as 50 mM cit-
rate/hydrogen phosphate solutions, also known as the Mcllvaine
buffer [21]. Solutions were prepared by titrating 50 mM citric acid
with 50 mM disodium hydrogen phosphate to the desired pH, ver-
ified by a pH-meter.

2.2.3. Deep eutectic solvent preparation

Deep eutectic solvents composed of coumarin and thymol were
prepared by weighing appropriate amounts of each component
into a 5 mL Eppendorf-tube. The amounts weighed depended on
the desired molar ratio. The melting of the mixture was assisted
by heating in an 80 °C oven for 15 min. After complete melting,
the solvent was vortexed for 10 s to ensure homogeneity.

2.2.4. Protein precipitation procedure

500 pL thawed plasma was added to 1000 puL ACN, vortexed at
1800 RPM for 1 min, and centrifuged at 10,000 RPM for 3 min.
1000 pL supernatant was collected and evaporated to dryness un-
der a flow of nitrogen gas in a heating block set to 40°C. The
residue was re-suspended in 667 pL Mcllvaine buffer with variable
pH. This was equal to a 2-fold dilution of the original plasma con-
centration.

2.3. EME procedure

EME was performed in 96-well format with potential for high
throughput extraction. The setup is illustrated in Figure S1. It
comprised a sandwich of three plates. The bottom one was a
laboratory-built steel plate with 96 wells, each holding 100 pL
of sample. The second one was a commercially available 96-well
Multiscreen-IP filter plate (polyvinylidene fluoride (PVDF) mem-
branes, 0.45 pm pores) from Merck Millipore Ltd (Carrigtwohill,
Ireland). The third one was a laboratory-built lid in aluminum with
96 rod electrodes. For each sample, 4 uL SLM solvent was pipet-
ted onto the bottom of the PVDF filter, which resulted in immo-
bilization of the solvent to yield the SLM. 100 pL sample solu-
tion was loaded into the corresponding well of the steel plate,
and the filter plate was clamped onto the steel plate, which put
the sample in contact with the SLM. 100 pL acceptor solution
(50 mM phosphoric acid pH 2.0) was loaded into the filter plate
well, and the aluminum lid was attached. Phosphoric acid was cho-
sen because it has buffer capacity at pH 2. The whole device was
placed on a shaking board (Vibramax 100 Heidolph, Kellheim, Ger-
many), which was set for 900 RPM based on previous optimiza-
tion [13]. The steel plate and aluminum lid were then connected
to the anode and cathode, respectively, of a power supply (model
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ES 0300e0.45, Delta Elektronika BV, Zierikzee, Netherlands). Extrac-
tions were initiated by simultaneous application of shaking and
voltage. A Fluke 287 multi-meter (Everett, WA, USA) monitored the
extraction current with an 8 Hz acquisition rate. When extraction
was finished, acceptor solutions were collected quantitatively and
mixed 1:1 with 1 M formic acid in acetonitrile. This was to elim-
inate adsorption of streptomycin and dihydrostreptomycin to the
glass walls of the HPLC vials, and to ensure compatibility of the
injection solvent with the HILIC-MS method used for quantitation.
For recovery studies, the acceptor solution was spiked with IS to
1 pg mL-! after extraction to correct for LC-MS/MS variability.

24. LC-MS/MS and LC-UV methods

2.4.1. HILIC-MS/MS method for streptomycin and dihydrostreptomycin
(IS) quantitation

Quantitation of streptomycin and dihydrostreptomyin (internal
standard) was performed with a Dionex UltiMate 3000 RS UH-
PLC system comprising a pump, autosampler, and column compart-
ment, with an LTQ XL linear ion-trap as detector (all from Thermo
Scientific, San Jose, CA, USA). The column was an Acquity UPLC®
BEH Amide column (150 x 2.1 mm ID, 1.7 pm) from Waters (Wex-
ford, Ireland), and was maintained at 40 °C. The mobile phases
consisted of (A) 95:5 v/v ACN:MQ-water with 5 mM ammonium
acetate and 0.5% formic acid, and (B) 20:80 v/v ACN:MQ-water
with 5 mM ammonium acetate and 0.5% formic acid. Addition of
formic acid was important to maintain peak shapes. The flow was
kept at 0.3 mL min~!, and elution was performed according the
following gradient: 55-75% B for 0-2 min, 75% B for 2-3 min, re-
turned to 55% B in 0.1 min, and finally 4.9 min of re-equilibration.
The total run time was thus 8 min, and the injection volume was
5 pL. Detection was performed in positive electrospray ionization
mode by selected reaction monitoring (SRM) of streptomycin (tran-
sition m/z 582 — 540), and dihydrostreptomycin (transition m/z
584 — 542), both using 20% normalized collision energy. The cap-
illary temperature was set at 350°C.

2.4.2. Phospholipid determination by reversed-phase LC-MS/MS

For determination of phospholipids, the same instrument de-
scribed in Section 2.4.1 was used. An Acquity UPLC® HSS T3 col-
umn (100 x 2.1 mm ID, 1.8 ym) from Waters (Wexford, Ireland)
maintained at 60 °C was used as stationary phase. Mobile phases
consisted of (A) 95:5 v/v MQ-water:MeOH with 0.1% formic acid,
and (B) 5:95 v/v MQ-water:MeOH with 0.1% formic acid. Elu-
tion was performed using a gradient method with 0.4 mL min~!
flowrate, where 10% B initially was ramped to 100% in 0.3 min, and
kept for 12 min, before returning to 10% B in 0.1 min, for 2.6 min
of re-equilibration. The total run time was thus 15 min, and the
injection volume was 10 pL. Detection of phospholipids was ac-
complished using in-source fragmentation with selected reaction
monitoring (SRM) in positive electrospray ionization mode, based
on a previously reported method [22]. For this, a source potential
of 65 V and 10% normalized collision energy was applied, and the
transition m/z 184 — 184 was monitored. The capillary tempera-
ture was set at 350°C.

2.4.3. HILIC-UV and full scan MS method for matrix clean-up
assessment

Biological samples were analyzed prior to and after EME to as-
sess the clean-up efficiency of the extraction method. The analysis
was performed using a Dionex UltiMate 3000 RS UHPLC system
equipped with a variable wavelength detector set at 254 nm, or
mass spectrometer detection. An Acquity UPLC® BEH Amide col-
umn (150 x 2.1 mm ID, 1.7 pym) from Waters (Wexford, Ireland)
maintained at 30 °C was used as stationary phase. The mobile

Journal of Chromatography A 1639 (2021) 461915

phases consisted of (A) 95:5 v/v ACN:MQ-water with 5 mM am-
monium acetate and 0.5% formic acid, and (B) 20:80 v/v ACN:MQ-
water with 5 mM ammonium acetate and 0.5% formic acid. Elution
was performed at 0.4 mL min~! flowrate, using a gradient with
10% B for 0-1 min, 10-70% B in 1-5 min where it was maintained
for 1 min, and then returned to 10% B for 9 min re-equilibration.
The total run time was thus 15 min, and the injection volume was
2 uL. Aqueous samples were prior to injection diluted 1:1 with 1 M
formic acid in ACN to be compatible with HILIC conditions. For
mass spectrometer detection, a full scan (50-600 m/z) was formed
in both positive and negative electrospray ionization (ESI) mode.
The capillary temperature was set to 225°C.

2.5. Total protein determination

The total concentration of protein in plasma samples and ac-
ceptor solutions after extraction was determined according to the
Bradford assay [23]. For each measurement, 10 pL sample was
added to 200 pL Coomassie dye reagent in the wells of a mi-
croplate. Presence of protein induced an absorbance shift of the
dye from 465 nm to 595 nm. Absorbance measurements of each
well at 595 nm were performed after 5 min of incubation, using a
microplate reader (Wallac Victor 3, Perkin Elmer, Boston, MA, USA).
Calibration was performed with bovine serum albumin standards
of 0-400 pg mL-!. Details of calibration are available in Supple-
mentary information 3. Dilutions were made in 50 mM phosphoric
acid to match the acceptor solution. pH-related effects of the assay
were therefore not present. All measurements were performed in
duplicate.

2.6. Statistical design and analysis of experiments

Experimental designs and analysis by means of a design-of-
experiments (DOE) approach were handled using the software
Design-Expert 12 (Stat-Ease Inc., Minneapolis, MN, USA). Analy-
sis and modeling were performed using multiple linear regression
(MLR) and analysis of variance (ANOVA) to assess significance of
effects. Regression of calibration curves was performed in Graph-
Pad Prism version 9.0.

2.7. Calculations

For estimation of extraction efficiencies, IS was added to the ac-
ceptor solution after extraction, to account for variability in LC-MS
quantitation.

Extraction yield (EY,%) was defined as the recovery ob-
tained for extraction from a standard buffer solution, and
calculated by the streptomycin/IS peak area ratio of the ac-

ceptor  (AUC,ceeptor,final/AUCs)  and  non-extracted — standard
(AUC 0n_extracted standard/AUCts ), according to (1).
EY = AUCacceptor,ﬁnal/AUCIS Vsample % 100 % (1)

X
AUCnon—extracted standard /AUCIS

Vsample and Vicceptor Were the volumes of sample and acceptor
solution, respectively. For all extractions, these were both 100 pL.

Process efficiency (PE,%) was similarly defined as the IS-
adjusted acceptor signal obtained from a spiked biological matrix
(AUC,cceptor, matrix/AUCis) relative to that of a non-extracted stan-
dard at the same concentration, and was calculated according to

(2).

Vacceptor

AUCacceptor, matrix/ AUCIS
AUCnon—extracted standard /AUCIS

Matrix effect (ME,%) was defined as the signal change of strep-
tomycin caused by matrix components in the mass spectrometer

PE =

Y
x —Sample . 100% (2)

Vacceptor



FEA. Hansen and S. Pedersen-Bjergaard

120

-

(=3

o
1

Extraction yield (%)
(2]
o
1

0% 0% 0%
o1 2 3

;V_J

Pure solvents

+10 % DEHP

+ 30 % DEHP

Fig. 2. Extraction yield (%) of streptomycin using 0%, 10%, and 30% DEHP added to
1) NPPE, 2) coumarin:thymol 1.5:1, and 3) coumarin:thymol 1:2. Extraction time:
15 min; sample solution was 1 ug mL~" streptomycin in pH 4.0; acceptor solution
was phosphoric acid pH 2.0. Voltage was varied depending on SLM solvent. Error
bars represent the standard deviation (n = 3).

(ion suppression or enhancement), and was calculated according
to (3).

ME = AUcpost extraction spiked matrix « 100% (3)

AUCnon—extracted standard

AUC 05t extraction spiked matrix 1S the signal of streptomycin in a
post extraction spiked acceptor solution, after extraction of a blank
matrix sample.

3. Results and discussion
3.1. Selection of SLM solvent

In EME, the extraction selectivity is largely determined by the
SLM solvent. Highly polar analytes are easily discriminated from
extraction, unless the SLM solvent offers sufficiently strong inter-
actions to overcome the hydrophobic discrimination by the non-
polar SLM solvent. In two recent reports, Drouin et al. successfully
used 2-nitrophenyl pentyl ether (NPPE) as SLM solvent for extrac-
tion of a variety of basic analytes in the range —5.7 < log P < 1.5
[11, 12]. The extraction system however operated under high cur-
rent (~300 pA), and most analytes suffered from poor extraction
efficiency in complex samples. In another recent report, we inves-
tigated the use of deep eutectic solvents (DESs) as SLM [24]. DESs
based on mixtures of coumarin (hydrogen bond acceptor - HBA)
and thymol (hydrogen bond donor - HBD) provided exhaustive ex-
traction of various moderately polar bases (log P —0.4 to +1.8). The
DESs provided strong hydrogen bonding and aromatic interactions
with the analytes.

These two solvent systems were tested for EME of streptomycin.
Two different DESs were prepared, namely coumarin mixed with
thymol in molar ratios 1.5:1 and 1:2 (coumarin:thymol molar ra-
tio). The former with excess HBA and the latter with excess HBD
properties. The DESs and NPPE were initially tested as pure sol-
vents at 50 V. Extraction conditions were based on previous ex-
perience. These are given in Fig. 2 along with recovery data. As
seen, recoveries were zero with the pure solvents. However, analy-
sis of sample solutions after extraction (data not shown) revealed
that 40% of streptomycin was retained in the coumarin and thy-
mol 1.5:1 SLM, and 20% was in the coumarin and thymol 1:2 SLM.
With pure NPPE, the entire content of streptomycin was found in
the sample after extraction. Streptomycin showed highest affinity
for the DES with excess HBA properties, and this is in agreement
with previous observations for basic analytes [25].

From experiments above, extraction of streptomycin was not ef-
ficient based on hydrogen bonding interactions alone. The ionic
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carrier, bis(2-ethylhexyl) phosphate (DEHP), was therefore added
to the three solvents at 10% and 30% w/w level, to introduce ionic
interactions. This resulted in exhaustive extraction with both DESs
containing 10% w/w DEHP and approximately 30% extraction yield
with NPPE containing 10% DEHP. The DESs containing 30% DEHP
were less efficient, and substantial amounts of streptomycin were
retained in the SLM. The DESs with 30% DEHP also provided exces-
sive current during extraction, and therefore they were operated
at 3-5 V. In contrast, NPPE with 30% DEHP provided an extraction
yield of 70%, while the extraction current was maintained low even
at 50 V. This solvent system was therefore chosen for further study
and optimization.

3.2. Effect of matrix type on optimal extraction conditions

The screening of different SLM solvents revealed that DEHP
mixed with NPPE was suitable as SLM solvent, and the tested lev-
els of DEHP indicated that increasing the amount of DEHP was
favorable to the extraction yield. However, the ion-paring mech-
anism of DEHP with analyte cations is dependent on sample pH
[13]. Under strongly acidic conditions (pH < 2.5) DEHP stays en-
tirely in the SLM and acts by interfacial ion-pair formation with
analytes. At neutral and basic conditions (pH > 6.5), DEHP leaks
to a large extent into the sample solution, and ion-pairing thus
take place in bulk sample. In between these extremes, ion par-
ing occurs by a combination of the two modes (mixed-mode com-
plexation). The effects of sample pH and DEHP concentration in
the SLM are thus highly interconnected, and a central compos-
ite design was utilized for further optimization. In these experi-
ments, the effect of (A) sample pH and (B)% DEHP were studied
for EME from samples of pure buffer, urine, protein precipitated
(PP) plasma, and untreated plasma. Details about the central com-
posite design and the statistical analysis are given in Supplemen-
tary information 2. Briefly, the design included four factorial point,
four center points, and four axial points (o = 1.41) for a total of
12 runs performed in randomized order. Each run was performed
in triplicate, and the average extraction process efficiency (PE,%)
was used as the response. For pH adjustment, urine and protein
precipitated plasma were diluted 1:1 in buffer and simultaneously
spiked with streptomycin. Untreated plasma was, based on a few
preliminary experiments, diluted 1:4 in buffer and spiked simulta-
neously. All other experimental parameters such as extraction time
(15 min) and voltage (30 V) were kept constant, as the purpose of
this initial set of experiments was to investigate the interrelation-
ship between sample pH and% DEHP from different sample ma-
trices. The factor level settings for each matrix type are indicated
in Table 1. Following experimentation, the data were analyzed and
fitted to quadratic regression models. Fig. 3 shows the 2D contour
plots obtained for each sample matrix. As seen, the optimal set-
tings in pure buffer were found at sample pH 4.5 and at 34% w/w
DEHP in NPPE. At higher pH, and at higher% DEHP, recovery de-
creased due to retention in the SLM. Conversely, at lower levels of
pH and DEHP, streptomycin remained in the sample.

When EME was conducted from urine and PP plasma (Fig. 3),
optimal conditions shifted towards higher sample pH and% DEHP.
Clearly, matrix components interacted with DEHP and caused inter-
ference. However, with increased sample pH and% DEHP, release of
DEHP into the sample increased for ion-paring with streptomycin,
and EME provided exhaustive extraction. For urine, optimal sample
pH was 5.5 and optimal amount of DEHP in the SLM was 50%. For
PP plasma, optimal conditions were found at sample pH 5.0 and
45% DEHP. In both cases, the EME system operated according to
the principle of mixed-mode complexation.

To identify the optimal DEHP content for untreated plasma,
the design-space had to be extended as shown in Table 1. The
corresponding contour plot is shown in Fig. 3. As seen, the op-
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Table 1

Coded and un-coded factor levels used for different sample matrices in central composite design.
Coded level —-a -1 0 +1 +o

pH %DEHP pH %DEHP pH %DEHP pH %DEHP pH  %DEHP
Buffer 1.7 1.7 25 10 4.5 30 6.5 50 7.3 58
Urine 1.7 5.7 2.5 15 4.5 375 6.5 60 7.3 69.3
PP plasma 1.7 5.7 2.5 15 4.5 375 6.5 60 7.3 69.3
Full plasma 1.7 53.8 25 60 45 75 65 90 73 962
Pure buffer

B: DEHP

2.5

35 4.5

A: pH

5.5 6.5

Protein precipitated plasma
60

45

B: DEHP

30

3.5

45
A: pH

55

6.5

o
&
o
S
2.5 3.5 4.5 5.5 6.5
A: pH
Full plasma
[=%
T
w
(=)
=)

2.5

3.5 4.5

A: pH

5.5 6.5

Fig. 3. 2D contour plots of (A) sample pH-value and (B)¥DEHP/NPPE effect on process efficiency (%) of streptomycin extraction from different matrix types. The color
gradient indicates process efficiency from 0% to 100% for blue and red, respectively. Extraction time: 15 min; extraction voltage: 30 V; sample matrices were spiked to a
final concentration of 1 pg mL~! streptomycin; acceptor solution was phosphoric acid pH 2.0. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

timal amount of DEHP was very high (~75% w/w), and the es-
timated process efficiency was only 22% under these conditions.
Since plasma protein binding of streptomycin is approximately 30%
[26, 27], the poor efficiency was not attributed to drug-protein in-
teractions. More likely, DEHP interacted heavily with plasma pro-
teins, and this suppressed mass transfer of streptomycin. Levels of
DEHP higher than 75% were tested, but recoveries decreased due to
the relative high viscosity of DEHP. Optimal sample pH was found
at 5.0.

The data discussed above were obtained with 15-minute extrac-
tions at 30 V. The effects of voltage and time were investigated
subsequently for all biological matrices, as seen in Fig. 4. For this,
optimal sample pH and%DEHP was set according to the discussion
above. The optimal extraction voltage was for all found between
30 and 50 V. However, 30 V was finally selected to limit the cur-
rent level and thus ensure a more robust system. At 30 V, both
urine and PP plasma reached exhaustive extraction after approxi-
mately 20 min. The highest process efficiency with full plasma was

obtained after 60 min of extraction. The decrease observed after
90 min was attributed to effects of electrolysis. Poor process ef-
ficiency with full plasma could thus partially be compensated for
by increasing the extraction time. The final optimal conditions are
summarized in Table 2. Fig. 5 shows representative current pro-
files under optimal extraction conditions for the three matrices.
As seen, the curves for urine and PP plasma were quite similar,
while the profile for untreated plasma indicated a slower progres-
sion of mass transport. The latter was in agreement with the time-
curves of Fig. 4. At the optimal extraction conditions, the average
current per well was 67, 73, and 64 pA for urine, PP plasma, and
full plasma, respectively, which was considered sufficiently low to
provide stable and robust systems.

3.3. Clean-up efficiency from complex samples under optimal
extraction conditions

The clean-up efficiency of EME from biological samples, with
conditions suited for non-polar analytes, has in previous reports
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Summary of optimal extraction parameters for each sample matrix.

Matrix Matrix:buffer ratio ~ Sample pH  %DEHP/NPPE in SLM  Voltage (V)  Time (minutes)
Urine 1:1 5.5 50 30 20
PP plasma 1:1 5.0 45 30 20
Full plasma  1:4 5.0 75 30 60
120 100
)
< 80
>
g =
Q N e,
() - M R
'S E 60 :
[} . .
s B 4o — Urine :
7] < .
o = -= PPplasma -
8 20 :
b »++ Full plasma :
0 f T ]
0 10 20 30 40 50 60 0 20 40 60
Voltage V) Time (min)

-0~ Urine -m- PP plasma .- Full plasma Fig. 5. Represgntatlve current proﬁ.le.s obtained from extraction .Of different matri-
ces under optimal extraction conditions for each. The curves display the average
current per well of six wells extracted simultaneously.

120

Process efficiency (%)

0 ' I I 1 I
0 20 40 60 80 100
Time (min)
-©- Urine -m- PPplasma - Full plasma

Fig. 4. Effect of extraction voltage (upper graph) and extraction time (lower graph),
on process efficiency for urine, PP plasma, and full plasma. 50%, 45%, and 75%
DEHP/NPPE was used as optimal SLM composition for the three samples, respec-
tively, and the voltage curve was performed with 15-minute extractions, while the
time curve was with 30 V applied. The error bars represent the standard deviation
(n=3)

been excellent [28, 29]. This is because the hydrophobic SLM ef-
ficiently discriminates polar matrix constituents, and thus makes
the extraction selective. A typical SLM for non-polar bases is 2-
nitrophenyl octyl ether (NPOE). Compared to this, the SLM compo-
sitions identified for EME of streptomycin (Section 3.2) were much
more permeable to polar bases. The extraction selectivity | clean-
up efficiency from urine, PP plasma, and full plasma, under optimal
extraction conditions for each matrix, was therefore studied next.
Attention was focused on proteins, phospholipids, and endogenous
substances with UV absorbance, positive and negative ESI-MS de-
tection.

The total protein content of untreated plasma before and af-
ter extraction was determined by the Bradford assay (Section 2.5).

For extractions with NPOE as SLM, no protein was detected in
the acceptor solution after extraction. This confirms previous as-
sumptions that proteins are completely discriminated by this SLM.
With 75% DEHP/NPPE as SLM, optimized for streptomycin extrac-
tion, 0.57 + 0.41% (n = 3, £SD) of original protein in the sam-
ple was transferred to the acceptor solution. This was comparable
to the clean-up expected from conventional protein-precipitation
[30]. However, the Bradford assay is not specific to large proteins,
and may also detect smaller peptides. The small number measured
with the assay was therefore expected primarily to be peptides,
which are extracted by EME [31-33].

Presence or absence of phospholipids in the acceptor solu-
tion was determined by LC-MS/MS using in-source fragmentation,
as discussed in Section 2.4.2. For this, the SRM transition m/z
184 — 184 was monitored. This fragment corresponds to the back-
bone of phosphatidylcholines, lyso-phosphatidylcholines, and sph-
ingomyelins, which account for the majority of phospholipids in
plasma [22]. As reference for the original amount of phospholipid,
one volume plasma (previously diluted 5-fold) was protein precipi-
tated with two volumes ACN, centrifuged, and the supernatant was
analyzed directly by LC-MS/MS. Non-extracted PP plasma samples
were diluted in the same manner to reduce the concentration of
phospholipids prior to injection. The chromatograms of the non-
extracted references are shown in the top of Fig. 6. EME was per-
formed according to the optimized conditions (Table 2), and accep-
tor solutions were subsequently diluted 1:2 to allow direct quanti-
tative comparison with the references. EME with NPOE as SLM was
also performed to compare with conditions suited for non-polar
analytes. With NPOE, no traces of phospholipids were found in the
acceptors after EME (green traces, Fig. 6). This confirmed previous
data [34]. Under EME conditions optimized for streptomycin, small
traces were identified in the acceptor after extraction (R 2.9 min,
red trace, Fig. 6). For untreated plasma, the peak area after EME
was however only 0.02% of the reference (original sample), and for
PP plasma the corresponding value was 0.18%. Although traces of
phospholipids were detected, the clean-up was thus very good and
represented >500-fold improvement compared to a simple protein
precipitation strategy.
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Fig. 6. Representative LC-MS/MS chromatograms of phospholipids (m/z 184 — 184) found in the acceptor solution after extraction with optimal conditions (red trace) for
full plasma (left panel) and PP plasma (right panel). For both conditions, extractions with NPOE (green trace) as SLM were included for comparison to a system suited for
non-polar substances. The black traces are the unextracted samples. Each extraction was performed in triplicate.(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Finally, the clean-up of endogenous substances was evaluated
by HILIC analysis with UV-254 nm, as well as positive and nega-
tive full scan ESI-MS detection. The analysis was thereby capable
of detecting a wide range of substances. For UV-detection, 254 nm
was found to provide the best visualization of matrix peaks. This
was because the mobile phase gradient gave substantial changes
in baseline absorption at lower wavelengths. Representative UV-
chromatograms are shown in Fig. 7. For urine, the optimal EME
system for streptomycin (red trace) provided high clean-up effi-
ciency for the vast majority of matrix components, with only few
minor matrix substances present in the acceptor. One major peak
was detected at 2.4 min, and this was attributed to creatinine
(highly abundant in urine). Total ion chromatograms (Figure S3)
obtained from the MS detection showed a similar trend, that some
matrix substances were present in the acceptor after extraction.
However, acceptable selectivity was achieved, despite that the SLM
was optimized for an analyte of extreme polarity.

The high selectivity resulted from discriminative effects of both
the electrical field and chemical composition of the SLM. Under
the optimal conditions for streptomycin, net anionic substances
were retained in the sample due to the direction of the electrical
field. Neutral substances were not influenced by the electrical field,
and mainly distributed between the sample and the SLM accord-
ing to hydrophobicity. Net cationic substances were forced towards
the SLM/acceptor, but discrimination occurred based on sample pH
and% DEHP in the SLM. The latter parameters were specifically op-
timized for streptomycin (Fig. 3), and because this optimum is very

variable for individual substances dependent on their hydrophilic-
ity and charge [13], many net cationic substances were discrim-
inated. These substances either remained in the sample, or were
trapped in the SLM. Extraction of an extremely polar substance
from a polar matrix could thus be achieved with reasonable se-
lectivity. The same trend was observed with EME from PP plasma
and untreated plasma, albeit UV-signals of matrix substances were
less.

3.4. Evaluation of data reliability

Finally, the analytical reliability of the proposed extraction
method was evaluated, with urine and untreated plasma samples
extracted according to Table 2. The validation data are provided in
Table 3. The linear range of calibration was from 20-500 ng mL™!
and 100-5000 ng mL-! for urine and plasma, respectively, with
an R? > 0.9929. Accuracy was within 94-107%, except for plasma
at LLOQ (125%). Similarly, repeatability was within 15%, except at
LLOQ. Matrix effects were insignificant for urine, while slight ion
enhancement was observed for full plasma samples.

The current data were not intended to be a full validation of the
proposed extraction method; the purpose was rather to demon-
strate that reliable extraction performance could by achieved for
an extremely polar substance like streptomycin from complex ma-
trices with EME.



FEA. Hansen and S. Pedersen-Bjergaard

Urine
400
300 — Unextracted
— 50 % DEHP/NPPE
% 200- — NPOE

100 l
r=1- -~ kfogz------------=- -
1 1
10 1
1 T T 1
: 0 5 10 15 :
1 Time (min) 1
15+

— Unextracted

10- — 50 % DEHP/NPPE

— NPOE

T T
10

Time (min)

15

Journal of Chromatography A 1639 (2021) 461915

Protein precipitated plasma

— Unextracted
— 45 % DEHP/NPPE
— NPOE

0 5 10
Time (min)

15

Full plasma

[+

— Unextracted
— 75 % DEHP/NPPE
— NPOE

T T
10

Time (min)

15

Fig. 7. Representative HILIC-UV chromatograms at 254 nm of acceptor solutions after extraction of urine, PP plasma, and full plasma, under optimal conditions (red trace)
for each sample. Similar extractions with NPOE as SLM were included for comparison with a system suited for non-polar substances. The black traces are the unextracted
samples. All extractions were performed in triplicate. Prior to injection, all samples were mixed 1:1 with ACN for compatibility with HILIC conditions.(For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Validation data for EME of streptomycin from urine and plasma. Process efficiency (PE) and matrix effects (ME) were determined at 200 ng mL~! and
1000 ng mL-! for urine and plasma, respectively. Calibration curves were weighted by 1/x. Internal standard was added prior to extraction, except for
determination of PE where it was added post extraction. Limit of detection (LOD) and lower limit of quantitation (LLOQ) were defined by the concen-
trations with a signal-to-noise ratio of 3 and 10, respectively. ULOQ represent the upper limit of quantitation (i.e. upper linear range). All concentrations

are in ng mL~'.

Linear PE (%, ME (%) Accuracy (%, n = 4) Repeatability (%, n = 4)
Matrix range R? n=4) LOD LLOQ *SD — —

(n=4) (n=4) LLOQ  Within range ULOQ LLOQ  Within range ULOQ
Urine 20-500 0.9991 98 8 20 97 £ 9 107 94+ 101 21 4+ 9
Full plasma 100-5000 0.9929 61 40 100 112+ 9 125 100* 104 36 11+ 15

* at 100 ng mL~',.
** at 500 ng mL~1.

4. Conclusion

The present study has reported successful EME of streptomycin
(log P = —7.6) for the first time. The extraction was enabled by
addition of bis(2-ethylhexyl) phosphate (DEHP) as ionic carrier to
the SLM comprising 2-nitrophenyl pentyl ether (NPPE). The inter-
relationship between carrier content, pH, co-solvent, recovery, re-
peatability, and extraction current (i.e. system stability), was stud-
ied carefully during method development. This was done based on
design-of-experiments (DOE) using urine and plasma samples. The
data obtained demonstrated that the optimal amount of DEHP in
the SLM, pH in the sample, and the mechanism of complexation,
were different with water, urine, and plasma samples. This was
because matrix components partly interacted and interfered with
DEHP.

Using optimized conditions for urine and plasma, the selectiv-
ity (i.e. clean-up) of streptomycin extraction was evaluated. Pro-

teins and phospholipids were almost entirely discriminated by the
SLM, and this was the case also for the majority of endogenous
substances with UV absorbance. Lastly, the proposed EME method
was demonstrated to give reliable analytical data with exhaustive
extraction from urine and 61% extracted from full plasma.
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