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In the current study, an electromembrane extraction (EME) method for the simultaneous determination of
methotrexate (MTX) and its metabolites, 7-hydroxymethotrexate (7-OH-MTX) and 4-amino-4-deoxy-N(10)-
methylpteroic acid (DAMPA), was developed for human plasma samples. MTX and its metabolites are char-
acterized as polar and zwitterionic, and the extraction mode (anionic/cationic) together with type of supported
liquid membrane (SLM) was therefore initially studied. Extraction efficiency in anionic mode was found to be
entirely suppressed by matrix components in plasma, whereas high efficiency could be achieved in cationic mode
using an deep eutectic solvent-based supported liquid membrane of 6-methylcoumarin:thymol (1:2 molar ratio)
with 0.5% (w/w) di(2-ethylhexyl) phosphate. EME was performed in prototype equipment based on conductive
vials, and parameters of extraction time, voltage, shaking rate, sample and acceptor volumes, and plasma dilution
factor, were optimized to get the highest possible sensitivity in subsequent LC-MS/MS determination. In the final
method, plasma was diluted 2-fold with phosphoric acid to a volume of 500 pL, and extracted for 30 min at
10 V using 10 pL SLM, 200 pL 100 mM formic acid as acceptor solution, and a shaking rate of 900 RPM. Under
these conditions, the average current was 10 pA per extraction cell. Recoveries of 23-53% were achieved, with
linear (R? > 0.9952) calibration curves, accuracy in the range 98-121%, relative standard deviation (RSD) of
2.8-27.6%, and matrix effects of 103-111%. The greenness of the proposed method was also evaluated by the
AGREEprep metric, and compared to other methods from literature. The findings of this paper demonstrate that
EME can provide selective and robust extraction of polar and zwitterionic substances in a complex biological
fluid, using very green extraction chemistry.

Introduction matrix components a serious disadvantage [1]. Extraction-based sample

preparation can provide much more selective analyte clean-up, and put

The analysis of complex biological samples has historically been one
of the most challenging tasks within analytical chemistry. The main
challenge is often to separate analytes of interest from the matrix com-
ponents in such a way that the determination can be selective, sensitive,
and reliable. In bioanalysis, such determination is often performed us-
ing liquid chromatography — mass spectrometry (LC-MS). Samples are
frequently whole blood or plasma that contains high levels of cells and
protein, which makes them incompatible with direct LC-MS analysis.
Simple sample pretreatment such as centrifugation or protein precip-
itation may be performed to improve compatibility, but low clean-up
efficiency makes ion suppression effects from co-elution of analytes and

less emphasis on LC-MS method development. Selective and efficient ex-
traction based on partitioning, in solid- or liquid-phase, however often
becomes more difficult when analytes are polar [2]. Zwitterionic sub-
stances may additionally be particularly challenging because they often
have narrow isoelectric points (neutrality) [1,2].

Methotrexate (MTX) is an example of a pharmaceutical drug that
is both polar and zwitterionic. MTX is an antifolate drug used for sev-
eral diseases, including autoimmune like rheumatoid arthritis, or some
cancers like acute lymphoblastic leukemia, malignant lymphoma and
osteosarcoma [3]. The therapeutic window of MTX is narrow, and over-
dosing can lead to serious side effects [4]. Therapeutic drug monitor-

Abbreviations: 6-MC, 6-methylcoumarin; Thy, Thymol; DEHP, Di(2-ethylhexyl) phosphate; MTX, Methotrexate; 7-OH-MTX, 7-hydroxymethotrexate; DAMPA,

4-amino-4-deoxy-N(10)-methylpteroic acid.
* Corresponding author.
E-mail address: f.a.hansen@farmasi.uio.no (F.A. Hansen).

https://doi.org/10.1016/j.sampre.2022.100011

Received 30 January 2022; Received in revised form 20 February 2022; Accepted 20 February 2022
2772-5820/© 2022 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/)


https://doi.org/10.1016/j.sampre.2022.100011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/sampre
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sampre.2022.100011&domain=pdf
mailto:f.a.hansen@farmasi.uio.no
https://doi.org/10.1016/j.sampre.2022.100011
http://creativecommons.org/licenses/by/4.0/

A.O. Hay, R. Trones, L. Herfindal et al.

pKa 6.4

H.
H,N._N._N__R
D j;|
N\fJ:N/ " H 1 okaso
pKa 4.
NH; NI\AOH
© 67 oH

MTX: R=H piais.3
7-OH-MTX: R=OH
pKa 6.5
HN_ NN
2
T LA
Z N
NH, OH
pKa 4.7
0
DAMPA

Fig. 1. Chemical structures of methotrexate (MTX), 7-hydroxy methotrexate (7-
OH-MTX), and 4-amino-4-deoxy-N(10)-methylpteroic acid (DAMPA) with corre-
sponding pKa values (calculated by MarvinSketch 21.19, ChemAxon). Log P val-
ues are -0.24, -2.29, and 0.89 (calculated by MarvinSketch 21.19, ChemAxon).

ing (TDM) may therefore be used to ensure the efficiency and safety of
the treatment. In the liver, MTX is converted to 7-hydroxymethotrexate
(7-OH-MTX) that may contribute to nephrotoxicity at high doses [5].
In cases of renal failure or when a patient has delayed elimination
of MTX, an antidote called glucarpidase may be administered, which
cleaves MTX and 7-OH-MTX into the non-toxic derivate 4-amino-4-
deoxy-N(10)-methylpteroic acid (DAMPA) and glutamate [5]. DAMPA
is further a product of intestinal metabolism of MTX. The structures of
MTX, 7-OH-MTX, and DAMPA, with corresponding log P and pKa val-
ues, are given in Fig. 1.

Previously, the majority of reported methods for determination
of MTX and its metabolites in blood or plasma have used protein-
precipitation or solid-phase extraction (SPE) for sample preparation
[3,6]. These techniques are respectively associated with poor clean-up
or large consumption of organic solvents [7]. Electromembrane extrac-
tion (EME), on the other hand, is a microextraction technique that may
be suitable for selective extraction of polar and charged analytes from
biological samples. In EME, a thin liquid membrane of organic solvent
(few microliters) held inside the pores of a polymeric membrane (sup-
ported liquid membrane or SLM) is used to separate the sample from
a clean acceptor solution. The aqueous solutions are typically in a vol-
ume of a few hundred microliters. Extraction is performed by applying
an electric field across the SLM, which stimulates charged substances to
migrate from the sample, through the SLM, and into the acceptor solu-
tion. Since very low volumes of organic solvent and sample are used,
EME may be considered as a green extraction technique. Extraction se-
lectivity is based on voltage-assisted partitioning, and is therefore gov-
erned by the properties of the SLM solvent, as well as the polarity and
magnitude of the electric field [8,9]. Because of this, polar and charged
substances may principally be extracted by EME [10]. Since the intro-
duction in 2006 [11], EME has been performed in various technical for-
mats, for example hollow-fiber [11,12], on-chip [13-15], and 96-well
[16-18]. None of these have been commercially available, and direct
transfer of methods between laboratories has therefore been challeng-
ing. Currently, a prototype EME device based on conductive vials is how-
ever in development, which eventually will enable easy transfer of stan-
dardized and validated methods. Recently, the quality of validation data
using this prototype device was evaluated by Skaalvik et al [19]. for a
small section of non-polar basic pharmaceuticals, using 2-nitrophenyl

Advances in Sample Preparation 2 (2022) 100011

octyl ether (NPOE) as an SLM that has been extensively used in EME
literature [9].

Regarding zwitterions, one fundamental study has previously inves-
tigated how zwitterionic analytes could be extracted with EME as acids
or bases [20]. The study was performed using clean water samples, and
its application for complex samples is therefore unclear. The aim of the
present work was therefore to develop and test an EME method for po-
lar and zwitterionic substances in human plasma, using the prototype
device. MTX and its metabolites were selected as representative model
analytes. After EME, the analyte-enriched acceptor phase was analyzed
by LC-MS/MS. A secondary aim was to study how the prototype device
should be optimized to gain the highest possible sensitivity from human
plasma samples. This was different from Skaalvik et al. who optimized
equipment parameters to maximize extraction recovery. The work pro-
vides a green alternative to sample preparation for MTX and its metabo-
lites, but may also be considered a fundamental study to provide general
starting conditions for future EME of substances with similar properties,
in complex biological samples.

Materials and methods
Chemicals and reagents

MTX, MTX-D;, DAMPA, 1-octanol, 2-nitrophenyl octyl ether
(NPOE), cetyltrimethylammonium bromide (CTAB), Aliquat®336, di(2-
ethylhexyl) phosphite (DEHPi), di(2-ethylhexyl) phosphate (DEHP), 6-
methylcoumarin, coumarin, thymol, formic acid, sodium hydroxide,
sodium diphosphate, disodium phosphate, and sodium chloride were
all purchased from Merck (Darmstad, Germany). 7-OH-MTX was pur-
chased from Cayman Chemical Company (Ann Arbor, MI, USA). LC-
MS grade methanol was purchased from VWR (Radnor, PA, USA), and
Milli-Q grade water was produced by a purification system (Molsheim,
France). Drug-free plasma was obtained from Oslo University Hospital
(Oslo, Norway) and stored at —28 °C

Preparation of solutions

Standards and spiking solution

MTX, 7-OH-MTX, DAMPA, and MTX-D3 were dissolved individually
in DMSO at 1 mg mL~!, and stored at —28 °C. From these, a spiking
solution was prepared by mixing and diluting the drugs to 10 pg mL~.
The spiking solution was added to either buffer or plasma samples, de-
pending on the experiments, in a final concentration of 1 ug mL™1.

Preparation of deep eutectic solvents

Deep eutectic solvents were prepared by mixing appropriate
amounts of eutectic components into a 5 mL Eppendorf-tube. The ex-
act amount was adjusted to get the desired molar ratio of components.
Melting of the mixture was assisted by heating in an oven for approxi-
mately 20 min at 80 °C, after which the solvent was vortexed for 10 s.
The latter step ensured a homogenous liquid.

Electromembrane extraction equipment and procedure

Electromembrane extraction was performed using a prototype device
developed and provided by Extraction Technologies Norway AS (ETN,
Ski, Norway). The device (Fig. 2) was based on vials made from a propri-
etary conductive material to house sample and acceptor solutions. For
extraction, the vials were screwed into a leak-tight union holding a flat
porous membrane of polypropylene (Accurel PP2E, Membrana GmbH,
Wuppertal, Germany). The vials had a total volume of 600 pL. In the
current report, we define the vials as donor and acceptor vials, respec-
tively holding sample and acceptor solutions. Prior to extractions, the
SLM was prepared by pipetting 10 pL solvent onto the membrane. The
solvent immediately penetrated the pores and became immobilized by
capillary forces. The vials were screwed into the union, and this EME
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Fig. 2. (a) Photo of prototype EME device (left) holding ten EME units, and
one disassembled EME unit (right). (b) Illustration of the EME of protonated
based inside the EME unit. The figure was adapted from Skaalvik et al [19].
with permission.

unit was placed horizontally in a shaking device. In total, the prototype
could hold up to ten EME units. During operation, horizontal agitation
was applied to ensure contact between the aqueous solutions and the
SLM, and to enhance the mass transfer be removing diffusion layers. An
electric field was applied to each EME unit by a power supply (model ES
0300-0.45, Delta Elektronika BV, Zierikzee, Netherlands) connected to
half ring-electrodes held in the lid of the device. For extraction of cations
(bases), the cathode was placed on the acceptor vials, and conversely, on
the donor vial when anions (acids) were extracted. The flow of current
was monitored at 8 Hz acquisition rate using a Fluke287 multi-meter
(Everett, WA, USA). Following EME, acceptor solutions were collected
and analyzed by LC-MS/MS.

Liquid chromatography — tandem mass spectrometry methods

MTX and its metabolites

Determination of MTX, 7-OH-MTX, DAMPA, and MTX-D; as inter-
nal standard (IS) was performed by LC-MS/MS using a Dionex UltiMate
3000 RS UHPLC system (Thermo Scientific, San Jose, CA, USA) com-
prising a pump, an auto-sampler, and a temperature controlled column
compartment. The mobile phases consisted of (A) 95:5 v/v purified wa-
ter and methanol containing 20 mM formic acid, and (B) 5:95 v/v puri-
fied water and methanol containing 20 mM formic acid, and the column
was an Acquity UPLC® HSS T3 column (100 x 2.1 mm ID, 1.8 mm, Wa-
ters, Wexford, Ireland) maintained at 60 °C. The flow was 0.4 mL min1,
and elution was performed by the following gradient: Mobile phase B
was ramped from 5 to 50% B from 0 to 2 min, thereafter 50-100% B
in 0.1 min, where it was held until 4 min, before returned to 5% B
in 0.1 min for 1.9 min of re-equilibration. The total run time was thus
6 min. The injection volume was 5 pL. Detection was performed with an
LTQ-XL linear ion-trap mass spectrometer (Thermo Scientific, San Jose,
CA, USA), operated in SRM mode with positive electrospray ionization
(ESI) at 5 kV and a capillary temperature of 350 °C. SRM transitions were
m/z 455 — 308 for MTX, m/z 471 — 324 for 7-OH-MTX, 326 — 175 for
DAMPA, and 458 — 311 for MTX-Dj3, at normalized collision energies of
51%, 28%, 40%, and 51%, respectively. A representative chromatogram
is provided as supplementary material (Fig. S1).

Phospholipids
Determination of phospholipids was performed using the same in-
strument, column, and mobile phases. The flow was 0.4 mL min~!, and
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gradient elution was performed by ramping mobile phase B from 10%
to 100% in 0.3 min, where it was kept for 12 min, before returning to
10% B in 0.1 min for 2.6 min of re-equilibration. The injection volume
was 10 pL. Detection was performed using an in-source fragmentation
and SRM method based on a previous report [21]. For this, a source po-
tential of 65 V was applied, and a transition of m/z 184 — 184 at 10%
normalized collision energy was monitored. Positive ESI was operated
at 5 kV and the capillary temperature was set to 350 °C.

Protein precipitation

500 uL thawed plasma was added to 1000 uL ACN, vortexed at
1800 RPM for 1 min, and centrifuged at 8000 RPM for 3 min. 1000 uL
supernatant was collected and evaporated to dryness under a flow of ni-
trogen gas in a heating block set to 40 °C. The residue was re-suspended
in 667 uL acceptor solution, equal to 2-fold dilution of plasma prior to
removal of proteins.

Statistical design and analysis of experiments

Experimental design by a design-of-experiments (DOE) approach
was set up and analyzed using the software Design-Expert 13 (Stat-Ease
Inc., Minneapolis, MN, USA). Multiple linear regression was used to fit
quadratic models to the data, and analysis-of-variance (ANOVA) was
applied to assess significance of effects.

Linear regression analysis of calibration curves from method valida-
tion was performed using Graphpad Prism 9.3.1 (Graphpad Software,
San Diego, CA, USA).

Calculations

Process efficiency (PE,%) was used to evaluate extraction efficiency
during method development and optimization, and applies for both neat
standards and plasma samples. The term does not correct for matrix
effects.

AUC

= AUC

acceptor, final Vacceptor

PE x 100%

unextracted standard Vdonor

AUC is the peak area, Vycceptor i the acceptor volume, and Vg, is the
donor volume.

Recovery (R,%) defined the extraction efficiency with correction for
matrix effects, and was calculated relative to the signal from acceptor
solutions spiked after extraction of a blank matrix sample.

AUC A%

acceptor, final acceptor

R= X 100%

AUC

post—extraction spiked matrix donor

Enrichment factor was defined as fold increase in analyte concentration
in the acceptor solution after extraction, relative to the concentration
in raw undiluted plasma samples. EF was calculated from PE or R, de-
pending on which was applicable.

V
EF = (PE or R) x —don°r

acceptor
Matrix effect (ME,%) defined the effect of ion suppression or enhance-
ment in the electrospray ionization process, and was calculated by:

AUCposl—exlraclion spiked matrix

AUC

ME =

x 100%

unextracted standard

Results and discussion
Selection of extraction mode and SLM screening

MTX and its metabolites are structurally composed of a pteridine-
diamine core connected to a p-aminobenzoyl group (Fig. 1). In MTX
and 7-OH-MTX, the latter is further linked to a glutamic acid residue
with diacidic properties. DAMPA on the other hand is monoacidic. The
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Fig. 3. Extraction process efficiency for MTX using different SLMs in either
anionic or cationic extraction mode. The upper panel shows results from neat
standard samples, while the lower panel shows results from spiked plasma sam-
ples. During spiking, plasma samples were diluted 1:1 with buffer. Extractions
from neat standards were performed for 20 min, and 30 min for plasma samples.
Error bars represent the standard deviation from triplicate extractions.

pKa values are also given in Fig. 1. The pteridine-diamine core shared
by all three compounds has weakly basic properties (pKa 6.4), and the
compounds can thus be zwitterionic. This makes them possible to extract
as both anions and cations. During initial method development, anionic
and cationic extraction modes were therefore evaluated in parallel, first
from neat standard solution and subsequently from human plasma. For
this screening of conditions, only MTX was extracted. Results are shown
in Fig. 3. Initial experimental conditions were chosen based on a previ-
ous report using the same prototype equipment [19], with sample/donor
and acceptor vials filled to 300 pL, shaking at 750 RPM, and extraction
time of 20 min for neat standards and 30 min for plasma samples.

For anionic extraction, the sample was adjusted to pH 7.4 using
40 mM phosphate buffer. At this pH, the basic functionality was mostly
neutralized and the acidic groups were ionized. The net charge was
therefore -2. The acceptor solution was 10 mM NaOH at pH 12, which
maintained analytes in anionic form once extracted into the acceptor
solution. The voltage was set to 30 V. 1-Octanol has previously been
suitable as SLM for EME of acidic substances, by acting as a hydrogen
bond donor to interact with the negative charge(s) of analytes [10,22].
As seen in Fig. 3 (upper panel), MTX was however not extracted with
1-Octanol. The electric field was thus insufficient to transport the polar
MTX through the hydrophobic SLM. Next, cationic carriers Aliquat®336
and cetyltrimethylammonium bromide (CTAB) were therefore added to
the SLM in 1%w/w, based on previous experience [22-24]. The addi-
tion of carriers increased the PE from neat standard samples to 42.5%
and 44.3%, respectively for Aliquat®336 and CTAB, by providing strong
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ionic interactions between MTX and the SLM. The conductivity of the
SLM however also increased substantially, and voltage had to be reduced
to 4 V to avoid generating excessive current. When applied for human
plasma samples, the extraction efficiency was near-zero (Fig. 3, lower
panel). The deterioration was hypothesized to be caused by quenching
of the cationic carriers by anionic matrix components. This was con-
firmed in a subsequent experiment, where as little as 10 mM chloride
in a neat standard samples was observed to quench the extraction (data
not shown). Focus was therefore directed to extraction in cationic mode.

To extract MTX as a cation, both donor and acceptor solution were
acidified with 100 mM formic acid at pH 2.4. At this pH, the weakly
basic functionality (pKa 6.4) was protonated and the acidic residues
(pKa 3.3 and 4.0) were mostly neutralized. The net charge was there-
fore approximately +1. Based on previous literature on EME of polar
bases [10,25-28], 2-nitrophenyl octyl ether (NPOE), di(2-ethylhexyl)
phosphite (DEHPi), and a deep eutectic solvent system based on 6-
methylcoumarin (6-MC) and thymol (Thy) were selected as SLMs. The
solvents were either tested as pure solvent or with addition of the an-
ionic carrier di(2-ethylhexyl) phosphate (DEHP). The extraction voltage
was 75 V. As seen from Fig. 3 upper panel, extractions from neat stan-
dards using NPOE and DEHPi, alone or with DEHP added, yielded low
efficiency and/or high variability. As an alternative, we recently devel-
oped SLM systems for EME of polar bases based on deep eutectic sol-
vents prepared by mixing components coumarin and thymol [28,29].
These solvents are characterized by a low intrinsic hydrophobicity,
and offer strong hydrogen bond, cation-z, and z-stacking interactions,
which makes them suitable for transfer of protonated polar bases. In the
present work, coumarin was however replaced with 6-methylcoumarin
(6-MC), as 6-MC is three-fold less soluble in water (MarvinSketch v.
21.19, ChemAxon) and therefore makes a more stable SLM. Initially,
an SLM of 6-MC and thymol mixed in a 1:2 molar ratio was tested,
which yielded 75.3% PE of MTX. For comparison, an extraction with
coumarin:thymol 1:2 as SLM was also performed, and no significant
difference in PE was found (t-test, p = 0.10, n = 3). When applied to
plasma samples (Fig. 3, lower panel), the extraction efficiency of MTX
with 6-MC:Thy 1:2 as SLM was reduced to 34%. This was expected in the
presence of high levels of matrix compound. Changing the ratio of 6-MC
and thymol was found not to have any impact on extraction efficiency.
Instead, adding 0.5%w/w DEHP to 6-MC:Thy 1:2 could increase the ef-
ficiency to 60%, with no additional benefit of increasing the amount of
DEHP. 6-MC:Thy 1:2 + 0.5% DEHP was therefore considered optimal
and applied in further method development.

Optimization of extraction parameters for human plasma samples by
response surface modeling

Next, other extraction parameters were optimized for human plasma
samples. The goal of the optimization was to gain highest possible sensi-
tivity of the final method. The effective analyte enrichment factor (EF)
from raw plasma to final concentration in the acceptor solution was
therefore chosen as response variable. With this in mind, extraction time
(A), shaking rate (B), donor volume (C), acceptor volume (D), plasma
dilution factor (E), extraction voltage, and donor pH were considered for
optimization. Design-of-experiments (DOE) methodology was chosen as
optimization strategy, since the effect of several extraction parameters
were expected to be interconnected. The optimal setting of extraction
time and shaking rate may for example depend on the donor and ac-
ceptor volumes. Plasma dilution factor (E) was included since greater
dilution will reduce the analyte concentration, but on the other hand
also may reduce matrix suppression effects. Extraction voltage was not
included in the DOE methodology, because high levels of voltage in com-
bination with certain other parameter settings may cause unforeseen
problems associated with too high current levels. Instead, the voltage
was set to 10 V based on initial tests. Donor pH was found optimal at
PH 2.4 prior to optimization by DOE (see supplementary material, Fig.
S2), and was therefore not included in the design.
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Table 1
Coded and un-coded factor levels used on central composite de-
sign.
Coded level -2 -1 0 +1 +2
A: Extraction time (min) 7.5 15 22,5 30 37.5
B: Shaking rate (RPM) 450 600 750 900 1050
C: Donor volume (uL) 200 300 400 500 600
D: Acceptor volume (uL) 100 200 300 400 500
E: Plasma dilution factor 1 2 3 4 5

A central composite design was chosen for response surface mod-
eling. The design included 32 runs, divided into 16 factorial points (%
fraction), 10 star points (a = 2), and 6 center points. Experimental runs
were performed in randomized order with three simultaneous replicates
per run. The average enrichment factor of the replicates was used as re-
sponse variable, and the data was fitted to quadratic models. Details
regarding model construction and evaluation are provided as supple-
mentary material (#3). The factor levels used for each parameter, cor-
responding to the coded levels, are given in Table 1.

Due to lack of availability, 7-OH-MTX was not included in the opti-
mization study. Results for MTX and DAMPA were however highly cor-
related, and 7-OH-MTX was therefore assumed to have similar response
to changes in factor settings. Surface plots for MTX are shown in Fig. 4.

Analysis of the surface plots provided several important insights. For
example, increasing the donor volume from 300 pL to 500 pL only gave
a small, and not proportional, increase in EF. This was independent of
extraction time (Fig. 4A). The process efficiency (though not EF) thus de-
creased with increasing donor volume. This may be caused by a greater
absolute amount of plasma in the donor solution Fig. 4.B shows the ef-
fect of acceptor volume and shaking rate. In the current vial-based EME
format, proper shaking is highly important to ensure an optimal contact
between the aqueous solutions and the SLM. At an acceptor volume of
400 pL the optimal shaking rate was 750 RPM. With 200 pL in the ac-
ceptor, the optimum however shifted towards a higher shaking rate of
approximately 900 RPM. The optimal shaking rate, on the other hand,
was independent of the donor volume. From the models, it was predicted
that a higher EF should be obtained by reducing the acceptor volume
below 200 pL. When tested, the contact between SLM and acceptor solu-
tion however became inadequate, and extractions became less efficient
and less repeatable.

Fig. 4C shows the combined effect of extraction time and plasma di-
lution factor. As seen, the highest EF was obtained with a 2-fold dilution.
Greater dilution did thus not reduce matrix suppression effects propor-
tionally to the dilution, though some improvement was observed. The
dilution factor also affected the extraction kinetics. As such, with 4-fold
dilution the system came to steady-state after approximately 25 min,
whereas steady-state for 2-fold dilution could be estimated to 35 min. It
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Fig. 5. Upper panel) Process efficiency and EF of MTX and DAMPA as function
of time. Voltage was set to 10 V. Lower panel) Process efficiency and EF of
MTX and DAMPA as function of voltage. Extraction time was 20 min. Error bars
represent the standard deviation for triplicate experiments. Missing error bars
are due to very low variability of replicates.

may be noted that decreasing the dilution factor to less than 2-fold was
predicted to give higher EFs. This was however considered impractical
since acidification of plasma to pH 2.4 required some dilution.

Based on these interpretations, the parameters of the final method
were set to 900 RPM shaking, 500 pL donor solution, 200 uL acceptor so-
lution, and 2-fold dilution of plasma. Acidification at this dilution factor
was performed by 1:1 mixing of plasma with 250 mM phosphoric acid.
Prior to defining the extraction time, the effect of extending the extrac-
tion beyond that of the optimization experiment was evaluated. As seen
in Fig. 5 (upper panel), a minor increase in efficiency could be gained
from 30 min to 50 min. However, to maintain throughput the extraction
time was set to 30 min in the final method. Lastly, the extraction voltage
was optimized for the final method. As seen in Fig. 5 (lower panel), effi-
ciency was improved from 0 to 10 V, after which no further gains were
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Fig. 6. Representative LC-MS/MS chromatograms of phospholipids (m/z
184 — 184) determined in unextracted plasma (black trace), in the acceptor
solution after EME (red trace), and in a blank acceptor solution prior to ex-
traction (green trace). The unextracted plasma was protein-precipitated prior to
extraction, as described in Section "Protein precipitation".

made. 10 V was therefore used in the final method. At these conditions,
the process operated robustly with a low extraction current of 10 pA in
average during 30 min. A representative profile of the current during
extraction is provided as supplementary material (Fig. S4).

Method evaluation

Phospholipid cleanup

Phospholipids are matrix components in plasma that are abundantly
present, and are notorious for causing ion suppression if co-eluting with
analytes in LC-MS. If not removed from samples, their high hydropho-
bicity further leads to build-up and fouling on reversed-phase columns.
Previously, other SLM solvents for EME, such as NPOE, have been found
to provide excellent clean-up of phospholipids [18,19,30]. Deep eu-
tectic solvents based on 6-MC, coumarin, and thymol have however
not previously been evaluated in the same manner, until now. To de-
termine phospholipids, an in-source fragmentation LC-MS/MS method
was utilized (Section "Phospholipids"). For this, phosphatidylcholines,
lyso-phosphatidylcholines, and sphingomyelins were fragmented into
a common fragment at m/z 184, which accounted for the majority of
phospholipids in plasma [21]. As control sample, plasma was protein-
precipitated (Section "Protein precipitation") and diluted in acceptor so-
lution to match the plasma concentration used for EME. The obtained
signals could thus be compared directly Fig. 6. shows the resulting chro-
matographic traces. As seen, the chromatogram of the acceptor solution
after EME was very similar to that of a blank acceptor solution, which
represented >100-fold reduction in signal intensity compared to unex-
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tracted plasma. The EME method based on a deep eutectic solvent SLM
thus provided similar high clean-up efficiency of phospholipids as pre-
viously reported SLMs.

Analytical performance

Finally, the analytical performance of the developed method was
evaluated. At this point, 7-OH-MTX was included in the method without
any additional optimization. An internal standard (IS) of MTX-D5; was
likewise added. Results of the validation are given in

Table 2. The current data provides a basic evaluation of the analyt-
ical performance, and is not intended as a full validation. In summary,
calibration curves were demonstrated as linear with RZ > 0.9952, and
accuracy was within 98-121% for all analytes at both LLOQ and ULOQ.
No ion suppression effects were found for either analyte; a slight ion en-
hancement effect (111%) was however observed for DAMPA. Repeata-
bility of the method was <15%, expect at LLOQ where RSD for MTX
and DAMPA were 27.6% and 21.1%, respectively. At ULOQ, less than
5% RSD was however obtained for all analytes. Despite the analyte con-
centration after extraction was slightly decreased (EF = 0.29-0.67), the
detection limits were within biologically relevant concentration levels
[31,32].

Comparison to other methods and greenness evaluation

The analytical performance of the proposed EME-LC-MS/MS method
was compared to previous methods for determination of MTX and its
metabolites, as seen in Table 3. Several previous microextraction meth-
ods have been applied for MTX, however, to the best of our knowl-
edge none have determined 7-OH-MTX and DAMPA simultaneously. An
SPE-based method for simultaneous determination of all analytes was
therefore also included in the comparison. As seen, the analytical per-
formance of the EME-LC-MS/MS method was comparable to previous
methods regarding sensitivity, precision, and consumed amount of sam-
ple. When comparing methods, the environmental impact and safety
of methods (or greenness) are however also important to consider. A
greenness evaluation was therefore performed based on the very re-
cently introduced metric tool, Analytical Greenness Metric for Sample
Preparation (AGREEprep) [33]. AGREEprep was chosen for the compar-
ison because it gives prominence to the sample preparation step of the
analysis.

For a detailed discussion on AGREEprep we refer to Wojnowski et al
[33].. Briefly outlined, a sample preparation method is assigned a score
from O to 1 (1 representing the ideal system) for each of the 10 princi-
ples of Green Sample Preparation [38]. The categories include, among
others, consumption of hazardous reagents, waste generation, sample
amount, throughput, and energy consumption. The assessment produces
a pictogram summarizing the overall greenness of the method. For com-
parison, a DLLME-based method [35] was selected as another microex-
traction method, while an SPE-method [34] was selected to represent a
conventional sample preparation strategy. Details on the input used to
score each sub-category are provided as Supplementary material (#5)
Fig. 7. shows the pictograms for the three methods. The EME method
had the highest overall score of 0.61, and excelled in the three impact
categories (#2 amount of hazardous substance, #4 waste generation,
and #8 energy consumption). It should be mentioned that the conduc-
tive vials were reused and thus did not count as waste. If the vials instead
are considered as single-use the overall score drops to 0.56. Surpris-
ingly, the DLLME-based method scored lower than a conventional SPE
method. This was primarily due to a low throughput (criterion #6) and
higher energy consumption (#8) from use of vortexer, magnetic stirrer,
and centrifuge. EME was on the other hand superior to SPE because
less hazardous substance was used, and less waste was generated. The
assessment thus supports the argument that EME is principally a green
sample preparation and extraction technique.
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Table 2
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Validation data for EME-LC-MS/MS method for MTX, 7-OH-MTX, and DAMPA spiked into human plasma. All concentrations are gives as ng mL™!, and all extractions
were performed in quadruplicate. Calibration curves were weighed by 1/x. Limit of detection (LOD) and lower limit of quantitation (LLOQ) were defined by the
concentrations with a signal-to-noise ratio of 3 and 10, respectively. ULOQ represents the upper limit of quantitation (i.e. upper linear range). MTX-D; was spiked

to a final concentration of 500 ng mL~! for all samples.

Accuracy (%) Repeatability (%)

Analyte Linear range R? EF* R (%) LOD LLOQ ME =+ SD (%) LLOQ ULOQ LLOQ ULOQ
MTX 0.4-700 0.9993 0.67 53 0.1 0.4 104 + 2 108 99 27.6 2.8
7-OH-MTX  2-2000 0.9994 0.29 23 0.7 2.0 111 £ 2 105 101 7.2 4.4
DAMPA 0.4-200 0.9952 0.67 53 0.1 0.4 103 + 2 121 98 21.1 4.9

* determined at 700 ng mL~!.

Table 3

Comparison of method performance data for determination of MTX and its metabolites from biological fluids. Abbreviations: SERS - surface-enhanced Raman
spectroscopy, DLLME - dispersive liquid-liquid microextraction, dSPE — dispersive solid-phase extraction.

Analytical method Analytes Matrix Sample volume Linear range (ng mL™1) %RSD R (EF) Refs.
SPE-LC-MS/MS MTX Saliva 1.4 mL 2-2000 1.4-5.9% 90% (0.9) [34]
DLLME-LC-UV MTX Whole blood 0.4 mL 0.1-150 2.6% 91% (8.1) [35]
dSPE-SERS MTX Urine 0.02 mL 20-300 11-19% - [36]
SPE-LC-MS/MS MTX Plasma 0.1 mL 1-2500 1.4-1.8% 90% (1.2) [37]
7-OH-MTX 4-9870 6.7-12.3% 84% (1.1)
DAMPA 1-2500 0.8-3.9% 90% (1.2)
EME-LC-MS/MS MTX Plasma 0.25 mL 0.4-700 2.8-27.6% 53% (0.7) This work
7-OH-MTX 2-2000 4.4-7.2% 23% (0.3)
DAMPA 0.4-200 4.9-21.1% 53% (0.7)
EME-LC-MS/MS DLLME-LC-UV SPE-LC-MS/MS performance data of the proposed EME-LC-MS/MS method were accept-

Fig. 7. AGREEprep pictograms for EME-LC-MS/MS (this work), DLLME-LC-
UV [35], and SPE-LC-MS/MS [34]. The score in the pictogram center rep-
resents the overall greenness, while the color and size of the surrounding
boxes represent the score and assigned weight of each category, respec-
tively. The pictograms were generated using software v. 0.9 available from
https://mostwiedzy.pl/pl/wojciech-wojnowski,174235-1/agreeprep.

Conclusion

The aim of the present work was to identify suitable EME systems
for extraction of polar and zwitterionic substances in human plasma,
using MTX and its metabolites as model analytes. Initially, MTX was at-
tempted extracted as an anion, which yielded moderate efficiency from
neat standards, using 1-Octanol and cationic carriers. The extraction was
however entirely suppressed by matrix components in the plasma. Ex-
tracting MTX as a cation was on the other hand successful from plasma,
using an SLM composed of the deep eutectic solvent 6-methylcoumarin
and thymol (1:2 molar ratio) with 0.5% DEHP added. The success of
this solvent was attributed to the high availability of hydrogen bond-
ing, ionic, and z-type interactions, which enabled MTX to overcome the
hydrophobicity of the SLM. From these results, we conclude that there
currently is a performance gap for EME of polar anions and cations, and
more research should be undertaken to improve the matrix tolerance for
anionic substances.

Extraction parameters for a prototype of a commercial EME device
were optimized to gain the highest possible sensitivity of the analysis.
Key observations were that the optimal shaking rate was dependent on
the volume of acceptor solution, and highest sensitivity was gained with
minimal dilution (2-fold) of plasma. The latter indicated that the system
had a good tolerance to high levels of matrix components. Analytical

able, and demonstrated the feasibility of using EME as selective sample
preparation for MTX and its metabolites in human plasma. Once the
equipment is commercially available, EME methods may be transferred
directly between laboratories without requiring re-optimization. For the
current contribution, it may be noted that the deep eutectic solvent mix-
ture represents a limitation in this aspect, since it is not a common com-
mercially available solvent. Research activity with deep eutectic solvent
is however strong, and we expect some solvents eventually will become
commercially available.

The proposed system also represents green extraction chemistry,
which was confirmed by assessment according to the AGREEprep met-
ric tool. The final SLM was based on a deep eutectic solvent with con-
stituents of natural original. Such solvents are generally accepted to be
environmentally friendly [39-41], and the very small volume (10 pL)
applied to the SLM further highlights the greenness of the extraction
chemistry. It may be argued that hyphenation to LC-MS reduces the to-
tal greenness of the method. However, though this instrumentation was
necessary to distinguish MTX and its metabolites, future methods based
on the current conceptual EME system may apply other and more envi-
ronmentally friendly detection approaches.
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