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HIGHLIGHTS GRAPHICAL ABSTRACT

o Tri(pentyl) phosphate was used as liquid
membrane for electromembrane extrac-
tion of peptides for the first time. Peptide structure EME equipment UHPLC-MS/MS

e Mass transfer across the liquid mem- ( l
brane was facilitated by hydrogen bond

interactions.

e High extraction recoveries were ach- . < S [ :
ieved for small peptides of low polarity. [ =& g\ﬂ; ]

e With tri(pentyl) phosphate, the current VAR )\"\\\;(/*

across the liquid membrane was low and

the system was highly stable. &9
ARTICLE INFO ABSTRACT
Keywords: Background: Electromembrane extraction (EME) of peptides reported in the scientific literature involve transfer
Sample preparation of net positively charged peptides from an aqueous sample, through a liquid membrane, and into an aqueous
Extraction

acceptor solution, under the influence of an electrical field. The liquid membrane comprises an organic solvent,
containing an ionic carrier. The purpose of the ionic carrier is to facilitate peptide solvation in the organic solvent
based on ionic interactions. Unfortunately, ionic carriers increase the conductivity of the liquid membrane; the
current in the system increases, the electrolysis in sample and acceptor is accelerated, and the extraction system
tend to be unstable and suffers from drifting pH.

Results: In the present work, a broad selection of organic solvents were tested as pure liquid membrane for EME of
peptides, without ionic carrier. Several phosphates provided high mass transfer, and tri(pentyl) phosphate was
selected since this solvent also provided high operational stability. Among 16 different peptides used as model
analytes, tri(pentyl) phosphate extracted those with net charge +1 and with no more than two polar side chains.
Tri(pentyl) phosphate served as a very strong hydrogen bond acceptor, while the protonated peptides were
hydrogen bond donors. By such, hydrogen bonding served as the primary interactions responsible for mass
transfer. Tri(pentyl) phosphate as liquid membrane, could exhaustively extract leu-enkephalin, met-enkephalin,
and endomorphin from human blood plasma and detected by LC-MS/MS. Calibration curves were linear >

Electromembrane extraction
Peptides

* Corresponding author. Department of Pharmacy, University of Oslo, P.O Box 1068 Blindern, 0316, Oslo, Norway.
E-mail address: stigpe@farmasi.uio.no (S. Pedersen-Bjergaard).

https://doi.org/10.1016/j.aca.2023.341610

Received 13 February 2023; Received in revised form 17 June 2023; Accepted 9 July 2023

Available online 10 July 2023

0003-2670/© 2023 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/).


mailto:stigpe@farmasi.uio.no
www.sciencedirect.com/science/journal/00032670
https://www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2023.341610
https://doi.org/10.1016/j.aca.2023.341610
https://doi.org/10.1016/j.aca.2023.341610
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2023.341610&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Dowlatshah et al.

Analytica Chimica Acta 1275 (2023) 341610

0.99) within a concentration range from 1 to 500 ng/mL, and a relative standard deviation within 12% was

observed for precision studies.

Significance: The current experiments are important because they indicate that small peptides of low polarity may
be extracted selectively in EME based on hydrogen bond interactions, in systems not suffering from electrolysis.

1. Introduction

Electromembrane extraction (EME) is an extraction technique, where
basic or acidic substances are extracted as ionic species from an aqueous
sample solution, through a liquid membrane, and into a microliter
volume of aqueous acceptor solution (acceptor). An external electrical
field (extraction potential) sustained across the liquid membrane is used
as driving force for the mass transfer, and controls the extraction effi-
ciency and selectivity (Fig. 1) [1]. The liquid membrane is a microliter
volume of organic solvent (membrane solvent), immobilized and held by
capillary forces in the pores of a porous polymeric membrane (support
membrane). For the extraction of bases, the sample solution and the
acceptor are neutral or acidic, and the negatively charged electrode
(cathode) is located in the acceptor. For the extraction of acids, the di-
rection of the electrical field is reversed, and the sample solution and the
acceptor are neutral or alkaline.

Since the first research paper on EME in 2006 [1], the interest for the
concept has increased, and about 450 research papers have been pub-
lished. Recently, commercial equipment for EME was launched [2,3],
and this is expected to increase EME activity further. The interest of
using EME and its future development may be justified in different ways.
First, the consumption of chemicals and organic solvents are extremely
low as compared to traditional sample preparation techniques. There-
fore, EME represents an interesting green and sustainable alternative for
the future. Second, acceptors are aqueous, and can be injected directly
into instrumental separation and detection systems such as liquid
chromatography-mass spectrometry and electrophoresis. Thus, the need
for solvent evaporation and reconstitution prior to the instrumental
analysis is eliminated. Third, the majority of matrix components in
biological fluids, environmental waters, foods, and beverages, which are
typical samples, are not transferred into the acceptor, thanks to the
liquid membrane and the electrical field. For this reason, EME provides
very efficient sample cleanup.

Beyond above justifications, two additional features of EME may be
important in future analytical chemistry: namely selectivity and down-
scaling to microchip technology. The selectivity in EME is controlled by
multiple parameters. The direction of the electrical field controls if the
system is selective for negatively or positively charged compounds [4].
Furthermore, the selectivity is controlled by the magnitude of the

electrical field [5], the chemical composition of the liquid membrane
[6], and pH in the sample solution and acceptor [7]. Selectivity is thus a
function of multiple parameters, although the fundamental under-
standing is currently still somewhat limited. To this end, EME has been
implemented successfully in microchip systems; the concept is very well
suited for downscaling [8-11], and combinations with smartphone
detection show great potential [12,13].

A large number of EME applications have been published, and an
overview may be obtained from recent reviews on the topic [14-16].
Applications include among others, extraction of pharmaceuticals from
biological fluids [17-19], environmental pollutants [20,21], and con-
taminants from food and beverage samples [22-24]. Target analytes
have mainly been organic bases or acids below 1000 Da, and small
inorganic ions. Solvation in the liquid membrane is a critical factor to
achieve efficient mass transfer of charged solutes in EME. Therefore,
solute interactions with the liquid membrane play a key role, and they
include hydrogen bond, cation-n, and ionic interactions [25]. The latter
type of interactions is strong and requires addition of ion-pair reagent
(carrier) to the membrane solvent.

In a limited number of papers, EME has been tested for extraction of
peptides [26-36]. Recently this literature was reviewed [37]. EME of
peptides reported up to date has been anchored in ionic interactions, and
it has been accomplished using liquid membranes with ionic carrier. The
purpose of the ionic carrier has been to facilitate the solvation of the
peptides in the organic solvent, and by such increase their mass transfer
across the liquid membrane. Unfortunately, ionic carriers increases the
extraction current in the EME system, and this may cause excessive
electrolysis in the sample and in the acceptor. Excessive electrolysis is
undesirable because the pH may drift on both sides of the liquid mem-
brane, and because gas bubbles are formed. Moreover, addition of ionic
carrier may reduce the selectivity of the extraction system due to
increased transfer of sample matrix components.

EME has potential for extraction of peptides, but the extraction
systems should be stable and provide high selectivity. Therefore,
extraction systems without ionic carrier should be investigated and this
recall on fundamental research. The current paper conducted for the
first time a systematic investigation of EME of peptides in the absence of
ionic carrier. A large number of organic solvents, with different func-
tional groups and polarity, were tested as pure liquid membranes to
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Fig. 1. Principle (for basic analytes) and photo of equipment for electromembrane extraction.
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investigate the potential for peptides extraction primarily by hydrogen
bond interactions. The research described is preliminary and
fundamental.

2. Materials and methods
2.1. Chemical and reagents

Standards of the model peptides such as angiotensin I tri-
fluoroacetate, angiotensin II acetate, angiotensin III, angiotensin IV,
neurotensin acetate, neurotensin 1-6 trifluoroacetate, neurotensin 1-8,
endomorphin trifluoroacetate, bradykinin acetate, (arg8)-vasopressin
trifluoroacetate, oxytocin acetate, leu-enkephalin acetate, met-
enkephalin acetate, diprotin A (Ile-Pro-Ile), diprotin B (Val-Pro-Leu),
and Glu-Glu-Leu were all supplied by Bachem (Bubendorf, Switzerland).
Formic acid, phosphoric acid, coumarin, thymol, di(2-ethylhexyl)
phosphate, 1-undecanol, pentyl benzene, 2-nitrophenyl pentyl ether,
2-nitrophenyl octyl ether, dodecyl acetate, dihexyl ether, 2-nonanone, 2-
undecanone, tris(2-butoxyethyl) phosphate, tri(butyl) phosphate, tri
(pentyl) phosphate, tri(tolyl) phosphate, tris(2-ethylhexyl) phosphate,
acetonitrile (LC-MS grade), and methanol (LC-MS grade) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions and working
solutions of the peptides were prepared based on our previous study
[35]. A Milipak® (0.22 pm filter) Milli-Q water purification system
(Molsheim, France) was used to obtain deionized water. Circular poly-
propylene membranes with a thickness of 110 pm and a diameter of 9
mm were obtained from Extraction Technologies Norway (Ski, Norway).

2.2. Plasma samples

Human plasma was obtained from Oslo University Hospital (Oslo,
Norway), and stored at —28 °C. Plasma was thawed rapidly at room
temperature, then spiked with the model peptides to a concentration of
2.0 ng/mL, and finally diluted 1:1 with 50 mM phosphate-citrate buffer
(pH = 3.0) to adjust pH.

2.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Analysis was carried out using an Agilent 1290 Infinity II UHPLC
system (Agilent Technologies, Santa Clara, CA, USA), consisting of a
binary pump, an auto-sampler, and a column compartment with
controllable temperature. An Eclipse Plus C18 column (2.1 mm x 50
mm, 1.8 pm, Agilent Technologies) maintained at 40 °C was used for
separation of the peptides. Gradient elution was performed using mobile
phase A (95:5 v/v deionized water and acetonitrile containing 0.1%
formic acid) and mobile phase B (5:95 v/v deionized water and aceto-
nitrile containing 0.1% formic acid). The gradient was as follows; 3% B
at 0.00 min, increased linearly to 5% B from 0.00 to 0.50 min, then
increased linearly to 30% B from 0.50 to 2.50 min, then 100% B from
2.51 to 3.00 min, and finally to 3% B from 3.00 to 3.01 min. The flow
rate was 0.6 mL min~!. Detection was performed by an Agilent 6495 LC/
TQ (Agilent technologies) mass spectrometer with positive electrospray
ionization at 3 kV. The system was operated in dynamic MRM mode as
previously reported [35]. Representative mass spectra and chromato-
gram after extraction from plasma is found in Fig. S1 in supplementary
information.

2.4. EME equipment

In this study, a prototype device for conductive vial electro-
membrane extraction from Extraction Technologies Norway (Ski, Nor-
way) was utilized to perform the EME experiments (Fig. 1). In this
technical format of EME (conducting vial EME), vials were used to hold
sample solutions and acceptors. The vials were produced in conducting
polymer, and in this way they also served as electrodes. A circular
porous polypropylene membrane (Extraction Technologies Norway)
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was used as support membrane, and this was placed in a tailor-made
support membrane union. The latter served to assemble the entire
extraction cell, where the sample vial, the liquid membrane, and the
acceptor vial were connected. The extraction cell was placed in a ten-
position holder where the conducting sample and acceptor vials became
in contact with electrodes coupled to the external power supply. In such
way, the vials served as electrodes, and ten positions were available for
simultaneous extraction of multiple samples. The ten-position holder
was mounted on a shaker, and by such arrangement the samples were
agitated during extraction. The ten-position holder was electrically
connected to a power supply Model ES 0300e0.45 from Delta Elek-
tronika BV (Zierikzee, Netherlands). Extraction current was monitored
with a Fluke 287 multi-meter (Everett, WA, USA).

2.5. EME procedure

First, 300 pL of sample solution and 300 pL of acceptor solution was
filled into conductive vials. Second, the support membrane was placed
in the support membrane union. Third, 8.0 pL of membrane solvent was
pipetted onto the support membrane. Finally, the sample vial and the
acceptor vial were connected to the support membrane union, and the
entire extraction cell was established. The extraction cell was placed in
the ten-position holder of the EME device; up to ten extraction cells were
processed simultaneously. The sample vial was connected to the positive
electrode (anode) while the acceptor vial was connected to the negative
electrode (cathode). The extraction potential was set to 20 V and the
agitation was set to 900 rpm. The acceptor was collected after 30 min of
extraction and subjected to LC-MS/MS for its analysis. The extraction
current was measured continuously during extraction.

2.6. Determination of Kamlet-Taft parameters

Kamlet-Taft solvatochromic parameters were determined experi-
mentally according to previously published procedure [38].

2.7. Calculations

For each model peptide, recovery (R) was calculated by Equation (1):

_ ng

Va a.fina
R =" 1100% = YeCasmat

ny s Cs.initial

x 100% (€D)]

Here, n, and n; denote the number of moles of peptide finally collected in
the acceptor, and originally present in the sample solution, respectively.
Cyq, fina is the final concentration of peptide in the acceptor, and Cs, initia i
the original concentration of peptide in the sample solution. The terms
Vg and V; are the volumes of acceptor and sample solution, respectively.

Matrix effect (ME%) expressed the effect of ion suppression in the
electrospray ionization process, and was calculated according to Equa-
tion (2):

peak area of post — extraction spiked matrix

ME (%) = x 100% 2

peak area of unextracted standard
3. Results and discussion

In EME, charged solutes are extracted from aqueous sample solution,
through a liquid membrane (organic solvent), and into aqueous acceptor
solution under the influence of an electrical field. The solvation in the
liquid membrane is considered a critical factor to achieve efficient mass
transfer of charged solutes. Therefore, solute-(membrane) solvent in-
teractions play a key role, and they include hydrogen bond, cation-r,
and ionic interactions. The latter type of interactions is strong, and re-
quires the addition of an ion-pair reagent (carrier) to the membrane
solvent. EME of peptides reported up to date, has been anchored in ionic
interactions, and has been accomplished using liquid membranes with
ionic carrier [37].
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In the experiments reported below, the potential of EME of peptides
was investigated, based on hydrogen bond and n-type interactions only.
Solvents with different functional groups and polarity were tested, using
a mixture of 16 different peptides as model solutes (Table 1). The pep-
tides ranged from three to 13 amino acids in size and were dissolved in
50 mM phosphate-citrate buffer pH 3.0 as sample solution. The acceptor
was 50 mM phosphoric acid (pH 1.8), and due to the acidic conditions,
the peptides were extracted as net cationic species.

3.1. Initial experiments

In a first set of experiments, pentyl benzene was tested as liquid
membrane with an aromatic ring as the only functional group. The
intention of this was to study the isolated effect of n-type interactions on
mass transfer. With this liquid membrane, however, none of the model
peptides were detected in the acceptor after EME. The sample solution
was analyzed after EME, and the model peptides were found in the
sample solution. Thus, although pentyl benzene theoretically can
interact with the peptides by different n-type interactions, including
cation-r, 7-1, and polar-x interactions, these were not sufficiently strong
to facilitate mass transfer.

In a next set of experiments, solvents with hydrogen bond acceptor
(HBA) and donor (HBD) properties were tested. The intention of this was
to study the effect of hydrogen bond interactions on mass transfer. The
HBA solvents included organic phosphates, ketones, ethers, esters, and
nitro aromatics, while the HBD solvents were higher alcohols. All the
solvents are summarized in Table 2, along with selected physiochemical
properties obtained computationally (chemicalize.com). Kamlet-Taft
values were measured experimentally for all the solvents as described
in the experimental section.

A couple of the phosphates, including tri(pentyl) phosphate, tris(2-
butoxyethyl) phosphate, and tri(butyl) phosphate extracted several of
the model peptides with net charge +1. As shown in Table 2, those
phosphates provided strong hydrogen bond basicity, with B-values be-
tween 0.80 and 0.88, respectively, while hydrogen bond acidity was
zero (x = 0.0). Ketones, ethers, esters, and nitro aromatics were not
working as liquid membrane for the model peptides, and most probably,
with these membrane solvents hydrogen bond acceptor properties were
not sufficiently strong. Higher alcohols were also tested, but in spite of
their strong hydrogen bond basicity, these were inefficient for extraction
of peptides. Most probably, this was due to their duality as hydrogen
bond donor and acceptor. During EME, the most efficient liquid mem-
branes served as hydrogen bond acceptor, while the protonated peptides
were hydrogen bond donors. In this way, several of the model peptides
were solvated in the liquid membrane and transferred to the acceptor.

In total, five different phosphates were tested, with high p-values and
with log P values in the range from 3.94 to 9.18. The extraction
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efficiency decreased with increasing log P of the membrane solvent. Tris
(2-butoxyethyl) phosphate (log P = 3.94) was the most efficient liquid
membrane, and extracted six of the model peptides with recovery
exceeding 40%. High mass transfer with this particular solvent was
attributed to strong hydrogen bond basicity from multiple HBA sites,
and due to relatively low log P. Unfortunately, the liquid membrane was
unstable. When operated at 3 V, which is a very low extraction potential
in EME, the current was initially about 40 pA, but increased during
extraction. This indicated that membrane solvent leaked to the sample
solution and acceptor, and that the liquid membrane became saturated
with traces of water. Electrolysis thus increased during the extraction
process, and the entire system became unstable due to Hy/O2 bubble
formation and drifting pH.

With tri(butyl) phosphate (log P = 4.09) as liquid membrane, re-
coveries were slightly lower than with tris(2-butoxyethyl) phosphate,
five peptides were extracted with recovery exceeding 40%, but the EME
system was more stable and was operated at 30 V. However, tri(butyl)
phosphate is considered carcinogenic, and was therefore not used for
further experiments. With tri(pentyl) phosphate (log P = 5.42) the
extraction potential was kept at 30 V, and the liquid membrane was
robust and stable (section 3.2.1). Tri(pentyl) phosphate was less efficient
due to high log P, but still met-enkephalin, leu-enkephalin, and endo-
morphin were extracted exhaustively (90% recoveries). These peptides
are four or five amino acids in size, with no polar/acidic/basic side
chains, and with net charge +1. In addition, Glu-Glu-Leu, Val-Pro-Leu,
and Ile-Pro-Ile were extracted with recoveries of 30, 15, and 30%,
respectively. These peptides are three amino acids in size, and with net
charge +1. Glu-Glu-Leu contain two acidic side chains, while the two
other tripeptides contain no polar/acidic/basic side chains. The
remaining ten peptides were not extracted with tri(pentyl) phosphate.
They were all with log P < —5 or net charge > +1. Mass transfer tended
to increase with increasing molecular size and with decreasing number
of polar/acidic/basic side chains. Peptides with net charge > +1 and
with > 2-3 polar/acidic/basic side chains were effectively discriminated
by the liquid membrane.

Tri(tolyl) and tris(2-ethylhexyl) phosphate were also tested, but none
of the model peptides were extracted with these liquid membranes due
to high log P and lower p-value, respectively.

3.2. Optimization of operational parameters

Based on the discussion above, tri(pentyl) phosphate was selected as
liquid membrane for further experiments. To ensure compatibility with
biological fluids, the following optimization experiments were carried
out from diluted human plasma samples (section 2.2): the effect of
extraction potential, pH of sample solution and acceptor, and extraction
time.

Table 1
Model peptides and selected physicochemical data.
Amino acids Sequence Isoelectric point Acidic residues Basic residues Net-charge pH 3.0 log P

Glu-Glu-Leu 3 EEL 3.59 1 1 +1 -3.71
Neurotensin 1-8 8 PE-LYENKPR 6.71 1 2 +2 —8.57
Vasopressin 9 CYFQNCPRG 10.00 0 1 +2 -7.25
Neurotensin 1-6 6 PE-LYENK 3.62 1 1 +1 —5.54
Val-Pro-Leu 3 VPL 6.05 0 0 +1 —-1.50
Bradykinin 9 RPPGFSPFR 10.88 0 2 +3 —6.36
Ile-Pro-Ile 3 1PI 6.05 0 0 +1 —-0.98
Angiotensin III 7 RVYIHPF 8.48 0 2 +3 —1.82
Angiotensin II 8 DRVYIHPF 7.45 1 2 +3 —5.27
Met-enkephalin 5 YGGFM 5.82 0 0 +1 —2.47
Angiotensin IV 6 VYIHPF 7.45 0 1 +4 —0.69
Oxytocin 9 CYIQNCPLG 8.57 0 0 +1 —5.00
Neurotensin 13 pE-LYENKPRRPYIL 9.24 1 3 +3 —8.82
Angiotensin I 10 DRVYIHPFHL 7.66 1 3 +4 —5.95
Leu-enkephalin 5 YGGFL 5.86 0 0 +1 —1.86
Endomorphin 4 YPWF 8.61 0 0 +1 1.90
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Table 2

Membrane solvents, physicochemical properties, and suitability for peptide extraction.
Solvent Peptides with R>40% log P Water solubility HBAs HBDs Aromatic rings o [} *
Pentyl benzene 0 4.26 0.016 0 0 1 0.23 0.12 0.42
2-Nitrophenyl pentyl ether 0 3.52 0.024 3 0 1 0.00 -1 0.82
2-Nitrophenyl octyl ether 0 4.86 0.0008 3 0 1 0.00 - 0.81
Dodecyl acetate 0 4.80 0.0016 1 0 0 0.29 0.58 0.40
Dihexyl ether 0 4.55 0.019 1 0 0 0.00 0.50 0.22
2-Nonanone 0 3.03 0.26 1 0 0 0.35 0.61 0.63
2-Undecanone 0 3.92 0.027 1 0 0 0.34 0.61 0.61
1-Octanol 0 2.58 0.54 1 1 0 0.69 0.82 0.55
1-Nonanol 0 3.03 0.17 1 1 0 0.66 0.79 0.55
1-Undecanol 0 3.91 0.018 1 1 0 0.72 0.81 0.51
Tris(2-butoxyethyl) phosphate 6 3.94 0.053 4 0 0 0.00" 0.83 0.69
Tri(butyl) phosphate 5 4.09 0.031 1 0 0 0.00" 0.88 0.65
Tri(pentyl) phosphate 3 5.42 0.0011 1 0 0 0.00" 0.80 0.63
Tri(tolyl) phosphate 0 6.63 0 1 0 3 0.00" 0.66 0.79
Tris(2-ethylhexyl) phosphate 0 9.18 0 1 0 0 0.00" 0.84 0.57

@ Exact values could not be determined due to high background absorbance of the solvents (« and n* from literature have been included [38,40]).

b

3.2.1. Extraction potential

In a first set of optimization experiments, the extraction potential
was studied in the range 5-40 V. Extraction was conducted from 300 pL
of plasma at pH = 3.0, and into 300 pL 50 mM phosphoric acid as
acceptor. The liquid membrane was 8 pL of tri(pentyl) phosphate, and
extractions were performed for 30 min. Recoveries are presented in
Fig. 2. As can be seen, met-enkephalin (five amino acids), leu-
enkephalin (five amino acids), and endomorphin (four amino acids)
were extracted when the extraction potential was 10 V, and recoveries
increased when the extraction potential was increased from 10 to 25 V.
Increased recovery with increasing voltage is generally observed in EME
and is in accordance with theory [14-16]. At 25 V, also Glu-Glu-Leu,
Val-Pro-Leu, and Ile-Pro-Ile (all peptides with three amino acids) were
also extracted, but recoveries were in the range 5-10%.

When the extraction potential was increased above 25 V, the re-
coveries started to decrease. This was attributed to electrolysis and
drifting pH in the acceptor. Therefore, 20 V was selected as the optimal
extraction potential. This was a compromise between high recovery and
low current. With 20 V, the current was acceptable as shown in Fig. 3,
where measured total current for three extraction cells coupled in par-
allel, was plotted as function of time. The extraction potential was
ramped initially to avoid excessive peak current; 0 V from 0.0 to 1.0 min,
5V from 1.0 to 2.0 min, and then 25 V. In such way, the current never
exceeded 50 pA, and current was not increasing during extraction.

3.2.2. pH
In a next series of experiments, pH in the sample solution and in the

o value for organic phosphates could not be determined correctly due to polar interactions to some extent (a from literature has been included [41]).

acceptor was optimized. The pH of the sample solution was tested within
the range 2.0-4.5, using 50 mM phosphoric acid as acceptor. Data are
summarized in Fig. S2 in supporting information. Generally, recoveries
were highest around pH 3.0, and decreased at higher pH because the
positive ionization of the peptides decreased (except for endomorphin).
Recoveries also decreased from pH 3.0 to 2.0. This was considered as an
ion balance effect. The ion balance is defined as the ratio of the total
amount of ions in the sample and acceptor, respectively, and low ion
balance may favor EME under conditions were mass transfer into the
liquid membrane is limited [39]. A pH of 3.0 was selected for the
remaining experiments. In a following set of experiments, four different
concentrations of phosphoric acid were tested (10, 25, 50, and 100 mM)
as acceptor where pH ranged from 2.6 to 1.6, respectively. Data are
summarized in Fig. S2 in supporting information. Recoveries increased
by approximately 8% with increasing molarity up to 50 mM phosphoric
acid, and this acceptor was selected for the remaining experiments. The
latter observation was attributed to the pH boundary layer at the
acceptor-liquid membrane interface [7]. With the negative electrode in
the acceptor, pH in the acceptor is higher close to the liquid membrane
than in the bulk solution, due to local charge accumulation. Thus, upon
transfer from the liquid membrane and into acceptor, the peptides were
exposed to somewhat higher pH in a thin layer as compared to the rest of
the acceptor. By increasing the molarity of phosphoric acid, the negative
of the pH boundary layer was reduced.

3.2.3. Extraction time
In a final set of optimization experiments, recoveries were

100
Glu-Glu-Leu
80— — Val-pro-leu
s — lle-pro-lle
> 60 .
g — Met-enkaphalin
S 40+ — Leu-enkaphalin
]
2 1 — Endomorphin
20 L 1

0 LA RREAEEREL] B E L) RREREE L] AL

10 20 30
Voltage (v)

40

Fig. 2. Extraction recovery as function of extraction potential (donor phase: 300 pL of plasma at pH = 3.0, acceptor phase: 300 puL 50 mM phosphoric acid, liquid

membrane: 8 uL of tri(pentyl) phosphate, and extraction time: 30 min).
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Fig. 3. Extraction current for three extraction cells (three samples simultaneously) coupled in parallel, as function of time (donor phase: 300 pL of plasma at pH =
3.0, acceptor phase: 300 pL 50 mM phosphoric acid, liquid membrane: 8 pL of tri(pentyl) phosphate, extraction time: 30 min, and extraction potential: 20 V).

investigated as function of time. As observed in Fig. 4, recoveries

. 1 . . . . . Table 3
increased with increasing extraction time. This is generally observed in The analvtical characteristics of the method from human plasma
EME, and is in accordance with theory [14-16]. Exhaustive extraction y P ’
was achieved after 30-45 min for met-enkephalin, leu-enkephalin and Met-enkephalin  Leu-enkephalin  Endomorphin
endomorphin. For Glu-Glu-Leu, Val-Pro-Leu, and Ile-Pro-Ile, kinetics LDR" (ng/mL) 1-500 1-500 1-500
were much slower and recoveries increased continuously up to 120 min. R? ‘ 0.9985 0.9998 0.9998
As discussed above, the latter observation may be related to the number LOQ{, (ng/mL) 0.90 0.10 0.28
¢ HBA sit to th der Waals vol Both " LOD® (ng/mL) 0.27 0.03 0.08
o sites, or to the van der Waals volume. Both parameters are ex- Accuracy (Error %) 9 9 s
pected to be favored with increasing molecular size of the peptides. 13 17 15
Spiked-level 25 (ng/mL)
75 (ng/mL)
3.3. Validation Repeatability? 12 6 3
Spiked-level 25 (ng/mL) 10 5 4
The optimized EME procedure was then evaluated for quantification 75 (ng/mL)
of the model peptides in human plasma. The data are only shown for leu- Reproducibility” 10 6 6
enkephalin, met-enkephalin, and endomorphin, which have been Spiked-level 25 (ng/mL) 8 4 5
exhaustively extracted. The method evaluation included the limits of 75 (ng/mL)
detection, the limits of quantification, intra-day and inter-day pre- Recovery (%) 59 80 85
cisions, extraction recoveries, linearity, matrix effects, accuracy and # Linear dynamic range.
stability in the acceptor solution. No internal standards were used. The b Signal-to-noise ratio 10.
results are summarized in Table 3. : Signal-to-noise ratio 3.
The extraction recoveries were consistent for intra-day and inter-day RSD %, n = 3.
experiments, and ranged between 59 and 86%. The calibration curves
were linear in the range 1-500 ng/mL with correlation coefficients, R2
values exceeding 0.9985. The limits of detection (S/N = 3) and
100 Glu-Glu-Leu
] Val-pro-leu
= 4
s . — lle-pro-lle
E ] — Met-enkaphalin
2 50—
§ ] — Leu-enkaphalin
o 1 — Endomorphin
0 I — T T | —
0 15 30 45 60 75 90 105 120

Extraction time (min)

Fig. 4. Extraction recovery as function of extraction time (donor phase: 300 pL of plasma at pH = 3.0, acceptor phase: 300 pL 50 mM phosphoric acid, liquid

membrane: 8 yL of tri(pentyl) phosphate, and extraction potential: 20 V).
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quantification (S/N = 10) were in the ranges of 0.03-0.27 and
0.10-0.90 ng/mlL, respectively. Based on three replicates, the RSD
values were between 3% and 12% for intra-day experiments, and be-
tween 6% and 10% for the inter-day experiments (Table 3). Accuracy
data were obtained at the 25 and 75 ng/mL level, and ranged between 2
and 17%.

Plasma and urine contain multiple components that may cause ion
suppression or enhancement in LC-MS/MS analysis. In this context, the
matrix effect was calculated according to Equation (2) (section 2.5) and
data are shown in Table S1 in supplementary information. For all
extracted peptides, the ME (%) values ranged between 105 and 108%.
Due to the selectivity of the EME system, the extracted peptides were
detected without ion suppression. This support that quantification can
be performed without interference from other compounds extracted into
the acceptor.

The stability of the peptides in acceptor (1.0 ng/mL) was also
investigated. Pure acceptor was spiked with the peptides, and the so-
lution was injected into LC-MS/MS after 1 min, 4 h, 8 h, 12 h, and 24 h.
Based on the data, all the 16 model peptides were stable in the acceptor.

3.4. Comparison with system based on DEHP

The performance of the present liquid membrane was finally
compared with an alternative liquid membrane based on deep eutectic
solvent (coumarin and thymol (1:2) + 2% (v/v) di(2-ethylhexyl) phos-
phate (DEHP)) [35]. With both liquid membranes, the sample solution
was 300 pL diluted plasma (pH = 3.0) spiked with the model peptides
1.0 ng/mL). 300 pL of 50 mM phosphoric acid solution was used as
acceptor in both cases. Since the volumes of sample and acceptor were
equal, there was no enrichment. Extractions were conducted at 20 V for
15 min. The results are summarized in Table 4. As illustrated, recoveries
with the deep eutectic liquid membrane ranged from 21 to 52%, with
RSDs below 18%. This membrane extracted based on ionic and
hydrogen bond interactions, and the majority of model peptides were
extracted. The current liquid membrane principally extracted based on
hydrogen bond interactions, and for this reason it was more selective,
and extracted only model peptides with net charge +1, and with no
more than two polar/acidic/basic side chains. EME of leu-enkephalin,
met-enkephalin, and endomorphin have been extracted previously in
different laboratory-built equipment, and results are summarized and
compared with the current data obtained with commercial equipment in
Table S2 in supporting information.

4. Conclusion

The present work has for the first time, demonstrated EME of pep-
tides without ionic carrier in the liquid membrane. With pure tri(pentyl)
phosphate (or closely related phosphates) as membrane solvent, several
peptides were extracted exhaustively (>85%) based on hydrogen bond
interactions. Tri(pentyl) phosphate served as a very strong hydrogen
bond acceptor, with proper log P, while the protonated peptides were
hydrogen bond donors. In such way, small and relatively hydrophobic
peptides were extracted from plasma. Because EME was conducted
without ionic carrier, the extraction current was low, and the EME
system was highly stable. In addition, EME with tri(pentyl) phosphate
provided higher selectivity than previous systems published in the
literature.

EME of peptides are still in early phase, and the current fundamental
research is an important step forward in terms of understanding and
applicability. The work is fundamental and should not be considered as a
finished analytical method. However, the procedure has potential as a
green method for quantification of peptides in plasma, in combination
with LC-MS/MS. In such cases, an internal standard is recommended to
correct for variations due to the liquid handling and pipetting, which are
considered to be the major error sources of the current procedure.

Analytica Chimica Acta 1275 (2023) 341610

Table 4
Comparison of the present EME method with DEHP based method for extraction
of the peptides.

present study DEHP based method

Recovery (%) RSD (%) Recovery (%) RSD (%)

Glu-Glu-Leu - - -

Neurotensin 1-8 - - - -
Vasopressin - - - -
Neurotensin 1-6 - - - -
Val-Pro-Leu - - 32 3
Bradykinin - - 47 1
Ile-Pro-Ile - - 45 1
Angiotensin III - - 44 3
Angiotensin II - - 21 5
Met-enkephalin 40 17 23 4
Angiotensin IV - - 52 2
Oxytocin - - - 3
Neurotensin - - 26 2
Angiotensin I 35 5
Leu-enkephalin 59 11 36 3
Endomorphin 66 8 46 18

Extraction conditions; donor phase: 300 pL of plasma at pH = 3.0, acceptor
phase: 300 pL 50 mM phosphoric acid, extraction time: 15 min, and extraction
potential: 20 V.
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