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Direct Electromembrane Extraction-Based Mass
Spectrometry: A Tool for Studying Drug Metabolism
Properties of Liver Organoids
Frøydis Sved Skottvoll,[a, b] Aleksandra Aizenshtadt,[b] Frederik André Hansen,[c]

Mikel Amirola Martinez,[b] Jannike Mørch Andersen,[d] Inger Lise Bogen,[d] Jörg P. Kutter,[e]

Stig Pedersen-Bjergaard,[c] Elsa Lundanes,[a] Stefan Krauss,[b] and Steven Ray Wilson*[a, b]

This work introduces a strategy for organoid analysis - direct
Electromembrane Extraction based Mass Spectrometry (dEME-
MS) – for coupling liver organoids with mass spectrometry (MS).
dEME-MS comprises electrophoresis of selected small molecules
from a culture chamber across an oil membrane, and to a MS
compatible solution. This enables clean micro-extraction of
drugs and their metabolites as produced in the liver organoids
to capillary liquid chromatography-mass spectrometry. Apply-
ing dEME-MS, proof-of-concept of directly measuring metha-
done metabolism is demonstrated on adult liver organoids.
With 50 liver organoids and 1 μM methadone, methadone
metabolism was monitored from 0 to 24 hours (11 time points).
All analytes had <0.4% variance in retention times with >100
measurements. dEME-MS is capable of automated and selective
monitoring of drug metabolism in liver organoids, and could
serve as a valuable tool for automated drug discovery efforts.

The rapidly growing attention to liver organoids (Figure 1A–B)
is related to their potential in resembling human physiology
and metabolism to a greater degree than conventional 2D cell
cultures and animal models[1,2] Since the cells used to develop
liver organoids can be derived from individual patients, organo-

id technology is envisioned to become important for personal-
ized medicine and it is believed that the technology has a
potential to transform drug discovery and personalized
medicine.[3]

Liver organoids are typically studied/characterized with a
technical repertoire including immunofluorescence microscopy,
ELISA, RT PCR, and RNA-seq.[4] For quantification of drugs and
metabolites, MS is often coupled with liquid chromatography
(LC), which separates compounds prior to MS measurements,
enabling improved sensitivity and more reliable
identifications.[5] We have recently studied metabolism of liver
organoids with conventional “off-line” manual sample prepara-
tion steps (centrifugation steps, etc.) prior to LC-MS[6] (Fig-
ure 1C). However, such protocols are non-optimal for small
samples or high throughput/automation. To our knowledge,
there are currently no reports on coupling liver organoids and
LC-MS in one single system. Two important technical chal-
lenges have obstructed the merging of liver organoids and MS
into a directly coupled/single system.

Firstly, growth conditions for liver organoids may be
operated at lower microliter scales, while conventional LC-MS is
designed for larger volumes. Secondly, cell culture solutions
contain salts and substantial amounts of proteins (e.g. albumin
from medium) that can severely reduce sensitivity and/or
contaminate the MS system, if the organoid culture chamber is
connected directly (on-line) to the MS. The mismatch between
LC-MS and cell culture volumes can be addressed by down-
scaling the LC system. If the inner diameter (ID) of the LC
column is reduced, from the conventional 2.1 mm format to
0.5 mm (capillary LC, capLC), a higher sensitivity can often be
obtained, requiring far less sample amounts.[7]

To resolve the mismatch between cell culture solutions and
LC solvents, electromembrane extraction (EME) across an oil-
immobilized membrane (supported liquid membrane, SLM) is
an attractive choice (Figure 2).[8,9] Solvents that can be used to
immobilize the separating membrane include 2-nitrophenyl
octyl ether (NPOE, highly suited for hydrophobic and basic
compounds) and di (2-ethylhexyl) phosphate (DEHP, more
suited for highly polar compounds).[10] By modifying the
membrane solvent and applying voltage polarity/magnitude,
EME can be tuned to allow selective extraction and enrichment
of drugs and/or metabolites (even for complex samples such as
full blood, see reference[11]).
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We have recently shown that off-line EME is excellent for
simple and parallel extraction of drugs and metabolites from
organoids in a 96-well format, reducing sample preparation
steps (Figure 1D).[12] However, on-line coupling of EME and MS
would allow for a substantially higher degree of automation
and throughput. EME has been briefly explored for on-line
coupling to MS for microsome-based studies,[13–15] encouraging
us to hypothesize that EME is a potential tool for the bridging
of liver organoids and MS.

In this communication, we describe our prototype on-line
dEME-MS system, which features liver organoids, chip-EME,
capillary LC, electrospray ionization, and a triple quadrupole
mass spectrometer. The system is reduced to one single
manual step, namely adding a drug or reagent to the organoid
culture chamber prior to automated analysis of molecules
including the drug and its metabolites that pass the membrane
(Figure 1E). We then demonstrate the system in a proof-of-
concept study of methadone metabolism.

See Supporting Information for experimental details.
The dEME-MS chip (Figure 3A–B) allowed for liver organoids

to be exposed to small molecule drugs, and derived metabo-
lites+drugs could subsequently be extracted on-line into a
microfluidic channel with a flow-through of LC-MS compatible
solution. Methadone was chosen as a model drug due to the
well-established EME conditions, and to the hydrophobic
nature of the methadone metabolites 2-ethylidene-1,5-dimeth-
yl-3,3-diphenylpyrrolidine (EDDP) and 2-ethyl-5-methyl-3,3-di-
phenylpyrroline (EMDP) also previously studied using EME.[15,16]

In addition, methadone metabolism is predictive for CYP3A4
activity, a major enzyme in drug metabolism. The chip structure
was fabricated from thiol-ene polymer, adapting the same
design as previously reported.[17] Thiol-ene is a highly cross-
linked thermoset polymer composed of two monomers with
free thiol and allyl (or “-ene”) functionalities, respectively.
Polymerization can be initiated by UV-radiation, and is charac-
terized by fast click-chemistry with near 100% monomer
conversion.[18] Thiol-ene additionally offers low shrinkage upon
polymerization, and is compatible with cell culture.[19] Some
modifications were made compared to previous chip-designs:
The chamber system was modified to feature an inner chamber
which the liver organoids were placed in, preventing direct
contact with the electrode. The polycarbonate membrane
bottom (5 μm pore size) of the inner chamber enabled analyte
diffusion to the extraction chamber, while preventing contact
between the organoids and the SLM. The membrane may also
have provided a limited clean-up of macromolecules, such as
proteins, while small molecules (like salts) were free to diffuse
into the extraction chamber. Another modification included an
increase in the thickness of the upper chip layer, and an
extraction chamber to contain the donor solution, all casted in
thiol-ene as one piece. The use of thiol-ene differed from the
previous study,[17] where the extraction chamber composed of
glass resulted in high methadone adsorption. To avoid
clogging observed under stagnant conditions, the acceptor

Figure 1. A–B) Representative images of the whole-mount staining of liver organoids formed from adult hepatocytes, albumin (red), CYP3A4 (turquoise) and
ZO1 (green), Scale bar 50 μm. C) Schematic overview of drug studies performed with simple sample handling using centrifugation and manual pipetting prior
to analysis [6]. D) Drug studies performed with high throughput sample handling using parallel-EME with reduced steps of sample handling prior to analysis
(multi-sample EME) [12]. E) Drug studies performed on chip (single-sample dEME) with continuous EME extraction and no manual sample handling prior to
LC-MS analysis (this Communication). Figure adapted/expanded from our previous work [12] (further permissions related to the material excerpted should be
directed to the American Chemical Society).

Figure 2. Principle of EME. Sample extraction is performed by electro-
assisted partitioning of ions into and across the SLM and to the acceptor
solution. Proteins and salts in the donor solution are discriminated by the
hydrophobicity of the SLM.
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solution was continuously pumped through the acceptor
channel. NPOE was chosen as the solvent for SLM, due to the
excellent methadone extraction capabilities when using
NPOE.[16,20] Preparation of the SLM was performed by placing a
small droplet NPOE onto the dry porous membrane of the chip.
The solvent penetrated the pores and became completely
immobilized by strong capillary forces. This enabled flow of the
acceptor solution without loss of NPOE. The voltages applied
during EME of methadone and metabolites are often preferably
in the 15–50 V range.[17] The voltage applied in this study,
shown to be favorable with regards to recovery, was 40 V after
initial evaluation of 20 V, 30 V and 40 V.

During EME, the acceptor solution was pumped to a valve
system that bridges the EME-chip and the LC-MS system
(Figure 3C–D). A platinum electrode was placed in the extrac-
tion chamber (positive electrode). To provide a robust electrical
field, the two reducing unions on either side of the SLM were
constituting the negative electrode. Importantly, the set-up
allows for acceptor solution fractions to be collected under
low-pressure conditions, so that the high-pressures LC is
operated under would not affect chip integrity. In this system,
the collection loop was 60 μL, allowing for an “under-filling” of
the 50 μL fraction (5-minute collection time) from the EME chip.

Due to the highly selective nature of EME,[21,22] the valve
system and subsequent LC step was not exposed to unwanted
compounds, e.g. salts and proteins from the liver organoids
and medium. This is a clear advantage, as we have experienced
severe clogging with non-EME capillary LC systems when used
to analyze liver organoids. Since the fractioning time, loop

volumes and sampling intervals can be widely varied/adjusted,
an LC-MS method does not need to be compromised regarding
time needed for re-equilibration, solvent gradient program-
ming, and other steps.

A capillary LC column (0.5 mm ID) was employed in the
present study. The MS instrument used was a triple quadru-
pole-MS, which is the standard approach for targeted measure-
ments of drugs and metabolites. The capillary LC set-up used
was also compatible with high resolution MS (Orbitrap, etc.),
which can be important for structural elucidation of undeter-
mined metabolites.

After successful initial tests, the cell culture chamber would
be filled with 50 liver organoids and mixed with methadone,
typically in the low μM range, in accordance with our previous
work.[6,12] The system was used to test drug metabolism of
methadone to its metabolites EDDP and EMDP by liver organo-
ids. Figure 4 shows clean LC-MS chromatograms of the
methadone, EDDP and EMDP 24 hours after liver organoid
exposure to 1 μM methadone, illustrating activity of the
CYP3A4 enzyme. The overall liver organoid viability after
24 hours of dEME was visually inspected to be over 50%
(Figure S1), which we considered satisfactory at this stage. All
our analytes had <0.4% variance in retention times with >100
measurements, and together with characteristic mass spectro-
metric properties of the analytes, allowed for selective meas-
urements of similar/related compounds (Figure 4).

Secondly, methadone metabolism in liver organoids was
monitored from 0 to 24 hours (11 time points), where time
point 0 min corresponded to the first 5 minutes of EME-

Figure 3. A) Illustration of a side-viewed cross-section of the SLM at the center of the chip. B) Top-down photograph of the EME chip assembly. C) Valve
system for collecting EME extracts in a 60 μL loop, and subsequent transfer to LC-MS. In position 1- EME is performed and sample transfer to sample loop. D)
In position 2- sample loading and LC-MS analysis.
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sampling, after the addition of methadone to the inner
chamber (containing liver organoids) and the extraction
chamber (see Figure 5A). The measured methadone peak area
and the metabolite formation in liver organoids were compared
to the methadone metabolism of two conventional model
systems for drug metabolism studies, namely human liver
microsomes, and rat liver metabolism analyzed with conven-
tional LC-MS/MS. As shown in Figure 5A, the measured peak
area curves of methadone and the main metabolite EDDP in
organoids resembled the in vivo metabolism in rats (Figure 5B)
and humans[23,24] more closely than the metabolism profile in
human liver microsomes (Figure 5C). The initial formation of
EDDP observed after addition/administration of methadone (in
organoids and in rats), can be explained by the methadone-
induced activation of the pregnane X receptor (PXR) and
constitutive androstane receptor (CAR), consequently leading
to an upregulation of the drug-metabolizing enzymes
expression[25] which is not possible to observe with the human
liver microsomes. Trace levels of the methadone metabolite
EMDP were also successfully measured in liver organoids and
human liver microsomes (see Figure S2, see also Table S1 for
methadone stability evaluation).

For four individual organoid batches, variances were
anticipated at this prototype stage (see Figure S3). The
variances could derive from factors such as drift in MS signal
intensity or chip-to-chip extraction efficiency, and the use of
adult liver organoids from different donors. The expression
level and metabolic activity of CYP3A4 and other drug
metabolizing enzymes are highly donor-specific, thus leading
to variances in the formation of methadone metabolites
between donors. Regardless of the high variances measured
with dEME-MS, the similar profile of the methadone metabolite
formation in organoids from different donors demonstrated the
reproducibility of the method.

In summary, dEME-MS is capable of automated and
selective monitoring of drug metabolism in liver organoids.
Further technical steps to improve repeatability will include
addition of internal standards in the acceptor solution for
absolute quantification and modification of our chip design to

be compatible with commercial LC fittings. Next, the system
will be assessed for other drugs/metabolites of telltale traits of
enzyme activity, and ultimately as a tool for automated drug
discovery efforts.
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