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Summary

Organoids are predicted to change the game of medicine by acting as an in
vitro 3D representation of human organ functionality. By developing such
organoids from patient derived stem cells or adult tissue one enables such as
drug discovery, disease modeling and personalized medicine under more
realistic conditions. Organoids are still at the developmental stage and
fundamental questions concerning the functionality of the developed
organoids remain to be answered. Compared to other biosamples, mass
spectrometry (MS) has rarely been used in organoid analyses, especially in
organ-on-a-chip systems. This thesis leverages MS and separation science for
bioanalysis of liver organoids, spanning from protein identification to small
molecule drug metabolite detection. With the aim of selective, high
throughput liver organoid analyses and online integration, both conventional
and cutting edge electromembrane extraction (EME) sample preparation

approaches were explored.

The review in Paper I provided an overview of possible analytical tools for
MS-based organoid analyses, discussing approaches for online integration.
Using nano liquid chromatography MS (nanoLC-MS), the initial
establishment of liver organoid untargeted proteomic functionality was linked
to human liver tissue. Several proteins connected to central liver functions
were identified in the liver organoids. A conventional bottom-up sample
preparation procedure was applied, which included protein separation using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
removal of the MS-incompatible detergent SDS before analysis. Such
conventional sample preparations steps are manual and time-consuming, and

EME was explored as an alternative approach for simpler sample preparation
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in Paper II. A fundamental study of the SDS removal using 96-well parallel-
EME was conducted. Although complete SDS removal was achieved in
standard solutions, the method was not found to be mature for liver organoid
proteomic sample preparation and SDS removal. Hence, conventional sample
preparation procedures should still be preferred for large biomolecule

analysis.

Next, the drug metabolizing properties of liver organoids were assessed
regarding small molecules, here tested by measuring neratinib-, heroin- and
methadone metabolism. Unknown adult liver organoid neratinib metabolites
were identified using capillary LC-MS (capLC-MS) in Paper III. In Paper
IV, the liver organoid heroin metabolizing properties were established using
conventional LC-MS, detecting liver organoid heroin phase I metabolites and
low amounts of phase II metabolites. The conventional low throughput
centrifugation-based sample preparation was applied for the above-mentioned
small molecule studies, and again parallel-EME was explored to simplify

sample preparation.

Originally shown to be a great fit with small molecule extractions, the
applicability of parallel-EME with liver organoid heroin metabolism was
explored in Paper IV. The 96-well EME setup was successfully applied for
selective, parallel extraction of heroin and heroin phase I metabolites from
liver organoids, using analyte optimized EME-conditions and conventional
LC-MS. Capillary electrophoresis (CE) and nanoL.C were explored regarding
sensitivity, compatibility of the methodology of Paper 1V, and the fit for
future online analysis. However, nanoLC and CE-UV were not found to be

mature for online MS-analysis and integration with EME.

The high-pressure capLC-MS measurements, low-pressure liver organoid

incubation and EME sample clean up on-chip were hyphenated by a two-
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position 10-port valve in Paper V. As a proof-of-concept, we achieved online
integration of 1) organoid incubation in methadone, 2) EME-sampling, and 3)
capLC-MS measurements. With the current setup we successfully mapped the

methadone-metabolizing properties of adult liver organoids for 24 hours.

Using bioanalytical tools such as MS and separation sciences, we could
establish that the liver organoids displayed liver organ functionality. EME
combined with small molecule extractions and liver organoids were well
matched and integrated online; however, EME did not prove well suited for
large biomolecule sample preparation. During this thesis, the developed
bioanalytical strategies for liver organoid analyses contributed to greater
insight into organoid response and functionality. Hence, the developed
bioanalytical strategies could be important tools in organoid development.
Furthermore, online organoid integration using EME developed here could be
used as a starting point towards developing future organ-on-a-chip systems
integrated with mass spectrometry, which would be valuable in drug

development, disease modeling, and personalized medicine.
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* Definition made by the author.

Biomolecule! “Molecule of biological origin. Most biomolecules are
organic compounds present in living organisms. They may
also include exogenous molecules modified by metabolism.”

Limit of Detection?  “the lowest amount of analyte in a sample that can be
reliably detected but not necessarily quantitated by a
particular analytical method.”

Offline* When a procedure and detection are not connected in one
fluidic system. The procedure is performed in a manual action
by the operator.

Online* When a procedure is connected to detection in one fluidic
system.
Organoid® “Three-dimensional structure derived from pluripotent stem

cells, progenitor and/or differentiated cells that self-organize
through cell-cell and cell-matrix interactions to recapitulate
aspects of the native tissue architecture and function in vitro.”
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Repeatability* “The closeness of agreement between independent results

obtained with the same method on identical test material,
under the same conditions (same operator, same apparatus,
same laboratory and after short intervals of time).”

Reproducibility* “The closeness of agreement between independent results

Robustness?

Ruggedness’

Selectivity*

Sensitivity®

obtained with the same method on identical test material but
under different conditions (different operators, different
apparatus, different laboratories and/or after different
intervals of time).”

“the constancy of the results when internal factors such as
flow rate, column temperature, injection volume, mobile
phase composition or any other variable inherent to the
method of analysis are varied deliberately.”

“the constancy of the results when external factors such as
analyst, instruments, laboratories, reagents, days are varied
deliberately.”

“(qualitative): The extent to which other substances interfere
with the determination of a substance according to a given
procedure.”

in analytical chemistry: “The slope of the calibration
curve.”
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1 Introduction

1.1 Organoids

Organoids are three-dimensional (3D) tissue-like cell models developed to
recapitulate the biology of human organs [1]. Compared to the established
animal models or simple two-dimensional (2D) cell monolayers, organoids
have the potential to give greater insight into the human organ function and
response [2] and provide a promising tool to advance the future of biomedical
research, e.g., in drug development, disease modeling and personalized
medicine [3, 4]. Reflecting its potential, organoid technology was chosen as

“Method of the Year 2017 by Nature Methods [5].

Organoids can be derived from embryonic stem cells (ESC), adult stem cells,
but also from a groundbreaking technology reprogramming human somatic
cells introduced by Takahashi et al. in 2006-2007, namely induced pluripotent
stem cells (iPSC, Figure 1A) [6, 7]. Pluripotent stem cell-derived organoid
formation principles involve three significant processes to mimic embryonic
organ development. First, the activation or inhibition of the key signaling
pathways regulating developmental patterning (using commercial
morphogens and signaling inhibitors) leads to germ-layer specification
(ectoderm, mesoderm, or endoderm). Secondly, terminal differentiation of the
desired cell types within the organoid is developed using different media
formulations (e.g., endoderm develop into intestine, stomach, lung, thyroid or
liver organoids), either in 2D culture, or as 3D organoids. Organoids could be
formed by aggregation of progenitors in micro cavities and/or embedding in
extracellular matrix (e.g , Matrigel). Lastly, maturation of cell types of interest

could be achieved by prolonged cultivation, supplementation with growth



factors and morphogens, and/or modulation of metabolic processes. Adult
tissue cells can also be the source of organoid formation (Figure 1B),
hereafter referred to as adult organoids [8]. Here, the adult tissue cells obtain
3D structures by similar procedures to that of organoid formation from stem

cells, namely by aggregation or by embedding the cultures into a 3D matrix.

Organoids have been developed from a wide variety of differentiation
strategies to resemble human in the micrometer scale such as the brain, heart,
kidney, liver, the embryonic state, and recently endometrial organoids were
derived from gland fragments recovered from menstrual flow (Figure 2) [9-

15].

[ )
Differentiation L . y
mind
Re_p\'og‘;a —_—
/ Induced O
pluripotent
Somatic cell stem cells (
Organcnd
B
/ > Aggregatlﬂn
. /
Adult tissue cells
Cc

Figure 1. Schematic overview of organoid formation. A) Organoids generated from iPSC,
B) adult organoids generated from adult tissue cells and C) Example of organoids
integrated in a microfluidic chip. The schematic figures were partially made in
BioRender.



The organoids are commonly grown in suspension. However, organoids can
also be integrated in a microfluidic chip, namely organ-on-a-chip (OoC), and
organoid-on-a-chip (also referred to as microphysiological systems) [16]. The
organoid integration on chip enables a microfluidic controllable environment,
and also facilitates the manipulation of organoids by the addition of e.g.,
xenobiotics, externally sourced compounds to an organism, such as drugs

(Figure 1C) [17, 18].

Figure 2. Schematic showing a selection of organs that organoids have been developed to
resemble; brain, kidney, liver, lung, heart and intestines. The schematic figure was made
in BioRender.

With the liver being the main site for drug biotransformation (hereafter called
drug metabolism) [19], traditionally applied simple liver models such as
primary hepatocytes, human liver microsomes (HLMs), and S9 fractions have
displayed limiting organ resemblance, e.g., with regards to metabolizing
properties [20]. Hence, liver organoids would be of specific interest to better
model human liver functions such as drug metabolism and hepatotoxicity [21-

24].



The liver organoids generated are still at the developmental stage [25, 26].
Therefore, fundamental questions on the liver organ functionality of the
developed liver organoids remain to be assessed. Bioanalysis encompasses the
quantitatively and or qualitatively measurement of biomolecules (e.g., amino
acids, small metabolites, peptides, proteins, or drug metabolites) in biological
matrices [27]. Thus, bioanalysis could give valuable information on the
plethora of different cellular mechanisms related to liver organoids. However,
challenges such as small sample volumes (low pL-range), low concentrations
of analyte and highly complex matrices must be considered if liver organoids
target molecules are to be measured in a sensitive, unbiased way. Molecular
and cellular detection techniques are considered highly accepted for organoid
analysis (Figure 3AB, Paper I). With regards to, e.g., protein expression, a
variety of immunoassays are applied (such as immunofluorescence
microscopy, western blot or enzyme linked immunosorbent assay, ELISA),
measuring target proteins based on protein affinity to the antibody. However,
the range of applications is limited to antibody availability and selectivity, and

mL-scale sample volumes are often required [28, 29].
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Figure 3. Characterization of organoids through biomarkers. A) Schematic of gene
expression techniques quantitative polymerase chain reaction (qQPCR), and single cell
RNA. B) Schematic of the protein expression techniques immunofluorescence, western
blot and ELISA. Reprinted with permission from WILEY-VCH Verlag GmbH & Co.

For multiplexed bioanalytical measurements of, e.g., small molecule drug
metabolites [30-32] and protein analysis [33-36], together with the possibility
of high throughput integration on-chip [37], the mass spectrometer would be

the instrument of choice for liver organoids bioanalysis (Paper I).

1.2 Mass spectrometry

The mass spectrometer has evolved to be a powerful tool in a great number of
scientific fields, very much including bioanalysis [38-41]. In MS, positively
or negatively charged ions in vacuum are separated and measured based on

the mass-to-charge ratio (m/z). The mass spectrometer is constructed from an



ion source (for molecule ionization), a mass analyzer (separation of ion m/z),

and a detector (conversion of signal) (Figure 4A) [42].

There are different types of mass analyzers, e.g., singly operated, such as the
quadrupole (Q), ion trap, and time of flight (TOF) [43]. When operated in
single mode, one or a selection of target ions are guided through the mass
analyzer and measured, typically using MS modes such as full scan or selected

ion monitoring (SIM, Figure 4B).

The mass analyzers can also be geometrically placed in series (tandem mass
spectrometry, MS/MS). When operated in MS/MS, the ions undergo
fragmentation between the two mass analyzers, thus elucidating more
structural information and providing higher selectivity compared to single
mode MS [44]. Fragmentation is commonly facilitated using collision induced
dissociation (CID) by collision of the analyte ions with inert gas molecules
(e.g., Ny or Ar) [45]. Examples of MS/MS configurations are the triple Q [46],
and TOF-TOF, or hybrid mass analyzers such as the Q-TOF or Q-Orbitrap
(Orbitrap) [47, 48]. In this thesis, the triple Q and Orbitrap were applied for

targeted and untargeted measurements.

When operated in targeted MS/MS, background noise is reduced by pre-
selecting one, or several target ions (precursor ions) for mass analyzer
transmission, with either one, several or all m/z fragments (fragment ions) to
be monitored (Figure 4C). Thus, increased selectivity, sensitivity, and
throughput can be achieved in targeted MS/MS. One MS/MS mode when
using, e.g., triple Q is multiple reaction monitoring (MRM) [49], with one or

several precursor ions are fragmented into one or multiple fragment ions.



In untargeted MS/MS and, e.g., data-dependent acquisition (DDA, Figure
4D), the first mass analyzer performs full scan of a selected m/z range,
followed by ion fragmentation based on precursor ions selected from the full
scan spectrum using criteria such as signal intensity and charge state [50].
However, untargeted identifications have the drawbacks of providing low

sensitivity, precision and speed compared to targeted MS/MS.

The performance of a mass spectrometer can be evaluated according to its
resolving power, mass accuracy, sensitivity, and dynamic range [51, 52]. The
Orbitrap is considered a high-resolution instrument platform with a fast scan
rate and high mass accuracy [53-55]. With the possibility of operating in both
targeted MS/MS and data dependent acquisition, the Orbitrap quickly became
essential for numerous areas of research [56]. The triple Q is considered a low-
resolution instrument. However the two levels of mass selection in targeted
methods such as MRM allow for quantitative analyses with very high
sensitivity [51].
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Figure 4. A) The mass spectrometric instrumental setup. B) MS operated in single mode.
C) MS operated in targeted MS/MS. D) MS operated in untargeted MS/MS data
dependent acquisition. (Targeted MS/MS was used in Paper IIL, IV and V, and untargeted
DDA was used in Section 3.1.1 and Paper IV). Adapted from [44].

The MS detection relies on ionized molecules in the gaseous state.
Electrospray ionization (ESI) was introduced by Yamashita and Fenn in 1984
and quickly evolved to be an essential tool in bioanalysis, facilitating the
transfer of molecules in solution to molecule ions in the gas phase prior to MS
detection [57-59]. Although the mass spectrometer is considered a mass-
sensitive detector, ESI coupled to MS (ESI-MS) is considered a concentration-
sensitive detection method [60]. Little molecule fragmentation occurs in the
ESI ion source; subsequently, more structural information is kept prior to MS

detection [61, 62]. Hence, ESI is considered a versatile soft ionization



technique beneficial for the determination of various molecules such as

proteins, peptides, and small molecules [43, 63].

1.2.1 Electrospray ionization mass spectrometry in bioanalysis

The improvements in MS instrumental resolution and sensitivity over the past
two decades have led to the facilitation of mass spectrometric elucidation of
structural, quantitative, and qualitative information in proteomics. In analogy
with the progress of large-scale genomics and the Human Genome Project
[64], the term proteomics was introduced in 1997 by Humphery-Smith et al.
[65]. The science was later described as the study of the proteome, i.e., the
complete set of proteins expressed by a genome, by a cell, or a tissue [66, 67].
The Human Proteome Project was initiated in complementary to the decade
of genomic research, with the goal of observing all proteins produced from
the human genome [68, 69]. However, proteomes are highly complex, with
protein concentration range exceeding the dynamic range of an instrument or

method [51].

Both the determination of selected peptide(s) (i.e. targeted) or large scale
protein identification (also termed global, discovery, untargeted, or
comprehensive proteomics) can be performed [70]. There are two approaches
to MS-based protein analysis; analyzing intact proteins (i.e. top-down
proteomics) [27, 71], or enzymatically derived peptides (i.e. bottom-up
proteomics) [27, 72], see Section 3.1.1 and Paper IV, and Section 1.4.1 for

sample preparation.

The high molar mass (Mwm) of a protein introduces several challenges in top-
down proteomics. Proteins can be difficult to handle with limited solubility,

requiring MS incompatible additives such as detergents [73]. High-resolution



MS instrumentation is also needed, to be able to distinguish between the
numerous of different protein isoforms. Also, low detection limits are
associated with top-down proteomics [74]. On the other hand, top-down
proteomics enables the study of a protein as a whole entity, and has shown to

be highly valuable in studying post translational modifications [75].

Providing lower detection limits, the small peptide My bottom-up proteomics
is the preferred approach (Figure 5). Relaying on peptide detection and well-
established peptide libraries, DDA is commonly applied in untargeted bottom-
up proteomics [76]. Trypsin cleaved peptide detection generates easily
interpretable and repeatable peptide fragmentation spectra, enabling protein
identification through search engines (e.g., MASCOT) peptide matches from
spectral libraries such as SWISS-PROT [77, 78]. Library matched spectra lead
to the identification of peptides, which are further recognized to their

corresponding proteins.

Large protein identification datasets are generated, thus facilitating biological
interpretation through protein analyses such as gene ontology (GO) [79],

relating a protein to a specific ontology term.
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Figure 5. Illustration of the bottom-up proteomic workflow using nano liquid
chromatography (nanoLC) separation and the MS analysis. Enzymatically cleaved
proteins are separated on a nanoL.C column, with the MS mode set to be DDA. A total ion
chromatogram is acquired, and the MS and MS/MS spectra are matched against a protein
sequence database of theoretical peptide product ion spectra. The outcome is the identity
of peptides, further identified to their corresponding proteins. (The bottom-up proteomic
workflow was used in Section 3.1.1 and Paper IV).

Salt or other compounds from biological matrices may substantially suppress
or enhance analyte signal (matrix effects), consequently affecting the analyte
response when using ESI-MS [80-84]. Thus, prior to ESI-MS detection,
removing possibly interfering components using sample clean-up (Section
1.4) and additional separation steps are often required. Separation could be
performed, e.g., using high-performance liquid chromatography (HPLC),
hereafter called liquid chromatography (LC).
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1.3 Separation prior to mass spectrometry

Different separation techniques exist, such as capillary electrophoresis (CE)
and chromatography. Chromatography is the separation of several
components based on the component distribution between a mobile phase
(MP) and a stationary phase (SP), through, e.g., a column. The mobile phase
can be a liquid (LC), gas (gas chromatography, GC), or supercritical fluid
(supercritical fluid chromatography, SFC) [85, 86].

The first paper on traditional LC was published in 1908 by Tswett (for partial
English summary, see [87]), and was rediscovered in the early 1930s by Kuhn
and Lederer [88]. In bioanalysis of e.g. non-volatile molecules such as
proteins, peptides, and many drugs, the use of LC is the method of choice

compared to GC [89].

1.3.1 Liquid chromatography

In LC, a typical setup consists of a LC-pump pumping a solvent (the MP) and
the sample introduced through a column, before reaching a detector (Figure
6) [90]. Compounds are separated by their different interactions with the SP,
and move with different velocities through the column, eluting at different

time points (retention time, t;) prior to detection.

| -
Sample injection

Separation column '% ;
4 | =
& [ . % ‘ |
| )
LC pump i, @ @ =
v @ @ 3 .
5]
Analyte of interest Time

Figure 6. General principle of compound separation and detection in LC, with the analyte
of interest and interferences eluting from the separation column at different time points
depending on the interaction with the SP.
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Reversed-phase (RP) LC is the most common separation principle for LC [91],
being ESI-MS compatible, and providing high efficiency and repeatability.
Compared to normal-phase LC originally applied by Tswett, where increasing
analyte polarity gives greater retention, the separation principle of RP LC is
considered to be the opposite, hence the name “reversed”. In RP LC, a
hydrocarbon chain chemically bonded on a silica surface constitutes the SP,
and increasing hydrophobicity gives greater SP retention [92, 93]. The MP is
typically composed of a buffered aqueous solution mixed with an organic

solvent, e.g., methanol or acetonitrile (ACN) [94, 95].

The main column format in LC is silica particle-packed columns with
spherical, porous beads. However particles having a solid core and a porous
layer (also called core shell particles, and other names) are also widely used
[96, 97]. Particle sizes range from 2-5 pm, or sub 2 pm sized particles used in

ultra-high performance liquid chromatography (UHPLC) [98§].

The term band broadening is used to describe the dispersion of analyte
molecules as it passes through the separation column, and the
chromatographic performance of a LC column is typically evaluated based on

the efficiency (N, Equation 1).

Equation 1

T |

Where the increase in column efficiency increases with increasing column
length (L) and decreasing plate height (H), where H can be expressed by the

van Deemter equation (Equation 2) [99].

2yDm

f(k)dp?u
_I_()p
u Dm

H=A+§+Cu=27\dp+ Equation 2
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In the abbreviated version of H, A is the eddy dispersion (radial dilution)
[100], B is the molecular dispersion (longitudinal) [99, 101], C is resistance
to mass transfer between the SP and MP [102], and the linear velocity, u. In
the extended equation of H, the A is a constant dependent on the particle shape,
d, is the particle diameter, v is a constant, Dy, is the diffusion coefficient for a

solute in the MP, and f (k) is a function dependent on the retention factor, k.

1.3.2 Miniaturized liquid chromatography

LC columns can be classified based on the column inner diameter (ID) (Table
1) [103], and in this thesis, 0.5 mm columns are designated capillary LC
(capLC). The use of narrow-bore and conventionally sized LC columns with
ID in the 2-5 mm range are frequently used in analytical chemistry, designed

to handle large sample volumes.

Table 1. Suggested column designation according to the column ID (mm). Adapted from
[103].

Suggested column designation | Column ID (mm)
Conventional LC 3-5
Narrow-bore LC 2

Micro LC 0.5-1

Capillary LC 0.1-0.5

Nano LC 0.01-0.1

However, small sample sizes and analytes of low abundancy could give
difficulties in sensitive analyte determination using conventional/narrow-bore
columns. Analyte and sample volume would be diluted inside the large ID
conventional/narrow-bore columns, below the limit of detection (LOD) of the
LC-MS method. Improvement in analyte signal intensity can be achieved by

decreasing the ID of the separation column (Figure 7). The decrease in
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column ID would reduce the radial dilution of the sample volume injected,
and lead to theoretical enhancement in signal intensity compared to larger
column ID when concentration sensitive detectors such as ESI-MS are applied

[104, 105].

AR \ |

| |
N — |
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Sample Difference in radial dilution

9 } il

0.1 mm ID Diluted bands
entering the
detector

Figure 7. Illustration of sample dilution in a 1 mm ID column compared to when
decreasing the column ID to 0.1 mm. Difference in column ID leads to a difference in
radial dilution (and not axial dilution), and lead to 100x increase in signal intensity when
entering a concentration sensitive detector. NanoL.C columns were used in Section 3.1.1
and Paper IV, while capLC columns were used in Paper III and Paper V. Adapted from
[105].

The chromatographic dilution at the end of a column, D, can be described by

Equation 3 [106].

D= Co _ er?(1+k)vz2mLH

= o Vin Equation 3

Where Coy is the initial concentration of the compound, and Cpax 1s final
compound concentration at peak maximum. When particle porosity (¢), L, H,
and the sample volume injected (Vi,) are kept equal, D will increase
proportionally to the square of the column radius (r). The gain in signal

intensity (Igin) when using a narrow column (IDsmail) compared to a large bore
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column (IDnree) can be theoretically expressed by the downscaling factor

(Equation 4):

ID
ID

large2

Equation 4

Igain:
small?

The decrease in mobile phase flow rate, due to the miniaturization of the LC-
setup [107], reduces the need for solvent evaporation prior to ion release into
the gas phase, particularly under nL/min flow conditions when nanoLC (<0.1
mm column ID) is coupled to a nano ESI source (nanoESI) [108-110]. Thus,
miniaturization could also contribute to a more efficient ionization process

and higher analyte signal intensity [111, 112].

The theoretical maximum injection volume is reduced to avoid a negative
impact on column efficiency when miniaturizing the column ID (see Kucera
in [113] for equation on packed nanoLLC). However, in practice, large injection
volumes are made possible through compound focusing either on-column or
online solid phase extraction (SPE) using column switching techniques [114,
115]. The SPE column is commonly packed with the same SP as the analytical
column and shorter in length, thus facilitating faster sample loading velocities
and lower backpressure compared to the analytical column. In biological
samples, polar compounds and salts are not retained on the RP SPE, reducing
sample complexity prior to analytical separation and facilitating the reduction
of matrix effects when coupled to ESI-MS. Thus, SPE is also considered a
sample preparation technique (See Section 1.4.2), and is easily integrated

online in systems such as LC-MS (Section 1.5).
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1.3.3 Miniaturized separation in bioanalysis

Although recent proteomic studies using microflow LC-MS has proven
promising [116, 117], nanoLC-MS has historically been the method of choice
in proteomics [118-122] (Section 3.1.1 and Paper IV). The use of nanoLC-
MS has become interesting in the field of drug analysis and enantiomer
separations [123, 124], however the nanoLC-MS for small molecule
measurements is far from established (Paper IV). Practical difficulties during
operation, small tubing being prone to clogging and low robustness and
ruggedness could explain the limited use of nanoLC-MS compared to
conventional LC-MS in small molecule measurements [125, 126]. A
compromise between robustness and sensitivity in small molecule
measurements can be made through applying microflow LC such as capLC

(Paper III and Paper V) [127-131].

As an alternative to nanoLC regarding small charged molecule analysis, low
pressure open tubular systems such as CE can be applied (Paper I, and Paper
IV) [132, 133]. Jorgensen et al. early demonstrated in 1981, the potential of
high efficiency separations in narrow bore capillaries (typically <0.1 mm)
filled with background electrolyte (BGE) solution [134-136]. In CE,
electrophoretic separation is achieved when the ions have different migration
velocity (u), based on the force (F) exerted on the ion described in Equation

5:

F=qE Equation 5

Where q is the ion charge, and E is the field strength (based on the ratio of
applied potential and the distance between the anode and the cathode). The

migration velocity (um) can be further described by Equation 6:
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The migration velocity is thus increased with increasing ion charge, field
strength, and temperature (leading to decreasing viscosity, 1), and decreases

with increasing ion radius (1).

The high efficiency compared to LC could partly be explained by the
reduction eddy dispersion, the largest contributor to band broadening in LC,
due to only one flow path through the column [137]. The applied electrical
field causes electroosmotic flow towards the cathode (at pH >3), thus no
solvent pump is required as in LC. Hence, another contributor to high
efficiency in CE compared to LC, could be the flat flow profile in CE due to
the electroosmotic flow (Figure 8).

A _ N

‘ |
+ \'; ‘I"l J b ]
| ]
- . Electroosmoatic flow
"“_‘I \‘.‘
f |
LC pump ‘

Pressure-driven system
{laminar flow)

Figure 8. Illustration of the flow profiles trough a capillary based on A) electroosmotic
flow towards the cathode, and B) pressure driven flow. Adapted from [137].

Requiring only simple instrumentation with no solvent pump and low sample
volume handling (nL-range), CE is also highly suited for analyses on-chip

[138]. However, when coupled to UV-Vis detection (CE-UV), high detection
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limits and consequently difficulties in detecting low abundant analytes can be
a challenge (Paper 1V). The hyphenation of MS with CE is possible through
ESI. However the non ESI-compatible high salt content of the BGE, and
coupling two circuits creates difficulties in integrating CE-ESI-MS [139].
However, CE has shown great applicability in various fields of bioanalysis

[140, 141], e.g., drug analysis [142, 143], and proteomics [144, 145].

Even though a reduction in sample complexity is achieved through SPE-LC
and other separation techniques, the crude biosamples can still contain
contaminations (e.g., particles, cells, proteins) detrimental to the instrumental
setup (e.g. clogging of column and tubing) and contributing to matrix effects.
Therefore, additional sample preparation steps are often performed before

separation and detection in bioanalysis.

1.4 Sample preparation prior to bioanalysis

When handling complex samples such as liver organoids, high contents of
salts, lipids, proteins, amino acids, and cell debris are present [51]. The choice
of sample preparation method prior to separation and detection depends on the
compound of interest and could lead to increased selectivity and sensitivity of
the method [146]. Sample preparation can be performed either offline or
online to MS-detection. When performed offline, the sample preparation
procedure and LC-MS are not connected in one fluidic system, and sample
handling is performed in a manual action only, e.g., with the use of several
pipetting steps and vial-to-vial transfer steps. When coupled online to MS
detection, one or several steps of the sample preparation are coupled to LC-
MS in one fluidic system, e.g., with the use of multiport valves, enabling high

throughput and reducing sample loss (Paper I, and Paper V) [147].
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Here, benchmark sample preparation workflows in bottom-up proteomics are
briefly enclosed (applied in Section 3.1.1 and Paper IV), followed by small
molecule sample preparation considerations with emphasis on high

throughput and online action (Paper 1I- V).

1.4.1 Sample preparation in bottom-up proteomics

In bottom-up proteomics (see Section 1.2.1), proteins undergoes enzymatic
hydrolysis to form peptides, commonly using the highly sequence specific
proteolytic enzyme trypsin [148, 149], generating peptides in the preferred
mass range for MS and with easily interpretable peptide fragmentation spectra
(Figure 9) [150]. Proteases with complementary cleavage specificities can be
used to increase proteome coverage [151]. For the proteolytic enzyme to
access the amino acid cleavage sites, the proteins are unfolded by reduction
and alkylation of the protein thiol groups prior to enzymatic hydrolysis [152,
153]. Reduction of sample complexity is a necessity when dealing with highly
complex samples, thus additional separation of protein or peptide prior to
nanoLC-MS measurements is often performed [154, 155]. Sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (SDS-PAGE) is considered
the benchmark protein separation step prior to protein hydrolysis (applied in
Section 3.1.1 and Paper IV) [33, 156, 157]. When operated in one dimension,
proteins are migrating on a separating gel according to the difference in My

by applying an electrical field (see Equation 5 and Equation 6).
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Figure 9. Example of SDS-PAGE based proteomic workflow including protein extraction
from cells and tissues, followed by SDS-PAGE based protein fractionation. The excised
proteins undergoes hydrolysis using trypsin, generating peptides for separation.

High concentrations of detergents or chaotropes, initially added during protein
extraction to increase cell and protein solubility (e.g., SDS or urea), are
associated with ESI-MS incompatibility [158, 159], and are thus commonly
removed as a part of the sample preparation protocol [160]. In addition to
SDS-PAGE based sample preparation protocol, numerous of other protocols
for detergent removal and improving sample recovery have been introduced,
e.g., filter aided sample preparation (FASP) and beads-based protocols
(single-pot, solid-phase-enhanced sample-preparation, SP3) [161-164].
Removal of SDS was also explored using electromembrane extraction (EME,

see Section 1.4.2 and Paper II).

1.4.2 Sample preparation in small molecule bioanalysis

Conventional manual sample preparation steps typically involves simple
centrifugation (Paper III and Paper IV), or small molecule extraction
through partitioning liquid liquid extraction (LLE) or offline/online SPE
(Section 1.3.2) [165-167]. However, salts are not removed when using
centrifugation only, and the water-immiscible organic solvent of LLE
provides low selectivity and requires an additional evaporation step prior to

LC separation. Although LLE exist in 96-well format, centrifugation and LLE
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are challenging to integrate in an online setup compared to the online
established SPE-LC-MS. SPE is also easily miniaturized when dealing with
low pL-scale sample volumes and low abundant analytes, providing
selectivity by, e.g., varying the SP [147, 168, 169]. Liquid-phase
microextraction (LPME) was developed as a miniaturization of LLE [170,
171]. To keep the microliter extraction solvent intact during LPME, the
supported liquid membrane (SLM) was introduced as a barrier between the
two liquid layers, which involves the immobilization of an organic solvent in
a porous membrane [172]. However, LPME is associated with long extraction

time [173].

Electromembrane extraction

Reducing the time for extraction to only a few minutes, Pedersen-Bjergaard et
al. introduced EME in 2006 as a hyphenation between electrophoresis and
LPME (Paper I) [174]. EME is considered a three phase microextraction;
charged compounds are separated from an aqueous sample matrix (donor
solution) to an aqueous solution (acceptor solution) by the electrophoretic
migration of ions across the SLM caused by the applied potential (Figure 10,
also based on Equation 5 and Equation 6). Matrix components such as
proteins and salts are separated from the charged analyte by the SLM, thus
EME has shown to be a great fit for separating small hydrophobic bases or
acids from complex matrices such as urine, breast milk and whole blood [175,
176]. EME can also be used for selective removal of unwanted compounds
such as salts, detergents and phospholipids from biological samples (Paper
II) [177-179]. When lowering the acceptor solution volume compared to

donor solution volume, EME facilitates analyte enrichment.
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Figure 10. Principle of EME when extracting positive ions. The partitioning of positive
ions into and across the SLLM and to the acceptor solution assisted by an applied electrical
field. Proteins, neutral small molecules and negatively charged ions in donor solution are
discriminated by the hydrophobicity of the SLM.

Selective extraction with EME can be achieved by controlling the mass
transfer across the SLM by varying the voltage polarity and magnitude [180],
the pH conditions in the donor- and acceptor solution [181], and the SLM
solvent [182]. Commonly used organic solvents for EME of nonpolar basic
drugs are 2-nitrophenyl octyl ether (NPOE, Figure 11A) and 2-nitrophenyl
pentyl ether (NPPE, Figure 11B) with strong hydrogen bond acceptor
properties. The use of the di-(2-ethylhexyl) phosphate (DEHP, Figure 11C)
as ionic carrier has shown to improve the partitioning of polar compounds into

the SLM [183, 184].

O o

Figure 11. Chemical structure of solvents and carriers used for SLM in EME. A) The
solvents NPOE, and B) NPPE. The ionic carrier C) DEHP.
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EME has emerged from simple hollow fiber configurations [174], to high
throughput 96-well format namely parallel-EME (Paper II, Paper IV) [179,
185, 186]. Additional manual sample handling steps can be fully minimized
by the hyphenation of EME with MS for online measurements [187, 188] or
extraction on-chip (Paper I and Paper V) [189-196].

1.5 State of the art: organoids and mass spectrometry

The currently developed organoids lack the structure and functional maturity
of their human counterparts, and also organoid protocols show significant
variations between batches. Thus, development and use of liver organoids are
still in progress, calling for evaluation of the liver organ resemblance, e.g.,
with regards to proteomic profiling and drug metabolism using sensitive mass
spectrometric analyses. In this section, recent studies on MS based liver
organoid proteomics are discussed, followed by current standing of MS-based
organoid drug metabolism studies, and online coupling considerations (also

discussed in Paper I).

With regards to liver organoids proteomics functionality, MS-based
untargeted proteomics have been used in a small number of studies on liver
organoids, e.g., measuring extracellular matrix protein markers in liver
organoids [197, 198]. Goulart et al. evaluated the impact of non-parenchymal
cells for liver organoid development partly using MS-based proteomics [199].
Howell et al. performed global proteomics of murine biliary-derived hepatic
organoids compared to murine liver tissue and undifferentiated organoids to
assess similarity to murine liver tissue with regards to cytochromes P450
(CYP) proteins and liver biomarkers [200]. Functional annotation cluster
analysis showed that proteins involved in drug metabolism by CYP450 and

those involved in fatty acid, glutathione and amino acid metabolism (e.g.
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glutamate dehydrogenase 1, mitochondrial, and aspartate aminotransferase,
cytoplasmic) were reduced in differentiated organoids compared to liver but

increased in differentiated versus undifferentiated organoids.

There are few studies utilizing LC-MS for drug metabolism measurements of
organoids in general [201-203], and currently no studies, to the author’s
knowledge, dedicated to developing MS based metabolism measurements
using liver organoids. Small molecule analysis in OoC systems is more
commonly linked to offline MS measurements and simple sample

centrifugation steps [204-212], with one exception (see next section) [213].

There are currently no studies on high throughput integration of organoids
online with MS analysis. However, coupling of MS with on-chip simple cell
handling has previously been explored with emphasis on online sample
handling. Initial work by the group of Jin-Ming Lin et al. from 2010 and
onwards, focused on the integration of SPE desalting prior to ESI-MS
detection studying, e.g., curcumin permeability [214, 215]. The high
backpressure generated by the SPE was directly coupled to the low-pressure
cellular microenvironment, thus requiring low flow rate sample loading (1
pL/min) and large particle size (45 pm). Due to the incompatibility of the SPE
eluent with cells, the SPE washing step was performed offline. To avoid direct
cellular contact with the high-pressure of SPE-MS, Dugan et al. introduced an
integrated switching valve on-chip [216]. However, incompatibility of the
low-pressure chip and high-pressure SPE-MS became challenging, and 20 um
particle size SPE was needed to keep the backpressure sufficiently low for the
chip integrated valves to function [216]. An early study of liver slice biochip
coupled the LC-UV setup to the biochip through several stainless steel

switching valves [217]. A switching valve setup coupled in series for sampling
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and SPE, separated the low-pressure chip from high-pressure SPE-MS in the
study of Gao et. al [218]. In this setup, challenges with detection of low
abundant analytes were limited to the detection capabilities of the MS. In
addition to SPE-sampling using switching valves, integration of chip-based
LC separations and MS-detection were used in studying verapamil
permeability in intestinal OoC [213, 219]. Although analyte detection was
possible, high MS background caused by the sample matrix was observed.
Thus, achieving total removal of cell medium contaminations seems to be

challenging when using online SPE.

1.5.1 Current challenges of mass spectrometry-based liver
organoid analyses

The main challenge enclosing the above-discussed Section 1.5 is the little
established use of MS in the liver organoid analysis, e.g., regarding untargeted
protein profiling and drug metabolism studies. In addition, there are currently
no studies on the hyphenation of MS to liver organoids for high throughput
analysis. Previous studies of high throughput analysis using MS coupled with
OoC and on-chip cell systems mainly focused on SPE extractions before MS
detection. Thus, there is a need for alternative extraction setups providing

higher selectivity for the liver organoid analysis of minute secretions.
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2 Aim of study

MS and separation techniques such as LC are established analytical tools in
bioanalysis. However, these tools are arguably underused in organoid

analyses; especially in OoC systems.

The aim of this thesis was to explore MS and separation science in liver
organoid bioanalysis for detecting biomolecules, spanning from protein
identifications to small molecule drug metabolites. Would the liver organoids
in this study display liver organ functionality? With the objective of selective,
high throughput analyses and online integration of MS-based liver organoid
analyses, the applicability of the sample preparation technique EME was

evaluated.
The main hypothesis of this thesis is thus that LC, CE, MS, and EME enable

sensitive, robust and high throughput analysis for establishing liver organoid

functionality.
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3 Results and discussion

To meet the aim of this thesis, challenges and possibilities with organoid based
separation and MS were initially discussed in Paper I (see Figure 12 for
graphical overview). Liver organoids and primary liver tissue proteins were
initially identified and compared by bottom-up proteomics using nanoLC-MS
and SDS-PAGE based sample preparation. Parallel-EME was then explored
for SDS clearance in Paper II. Next, the liver organoid drug metabolizing
properties were assessed using centrifugation-based sample preparation. In
Paper III, so far unknown adult liver organoid neratinib metabolites were
identified using capLC-MS. The liver organoid heroin metabolizing properties
were then established using benchmark UHPLC-MS in Paper IV. Focusing
on increased throughput, Paper IV explored the compatibility of liver
organoid heroin metabolism with 96-well parallel-EME, and separation
techniques were explored regarding organoid and MS hyphenation. Finally,
organoids and capLC-MS were connected using EME on-chip and a two
position 10-ports valve for online measuring of adult liver organoids

methadone metabolism in Paper V.
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Figure 12. Graphical overview of this thesis.

3.1 Liver organoids proteomics using mass spectrometry

Although MS-based proteomics could be a valuable tool to evaluate the organ
resemblance, few studies have been conducted to date (see Section
1.5, and Paper I). A new protocol for liver organoids differentiation from
AG27 1PSC (see [220], for donor information) was introduced [221], using a
small molecule-driven protocol as opposed to current approaches relying on
growth factors. We applied bottom-up untargeted proteomics using nanoLC-
MS to establish the liver traits by directly comparing the generated liver

organoids to human liver tissue.

3.1.1 Liver organoid and human liver tissue proteome
comparison using sodium dodecyl sulfate-based sample

preparation
The scope was to use well-established proteomic platforms to, e.g., allow

comparability between laboratories. Due to the high complexity and dynamic
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concentration range of primary liver tissue proteins (e.g., high albumin
concentrations) [222], fractionation at the protein level using benchmark SDS-
PAGE based sample preparation protocol was applied, provided by
Shevchenko et al. [157], and also previously used in our studies on exosomes

and glioblastoma proteomes [223, 224].

Using nanoLC-MS, a total of 1003 shared proteins were identified from liver
organoids and primary liver tissue (Figure 13A). One challenge in bottom-up
proteomics and data analysis is to reduce false positive identifications, and
confident protein identification is essential [225]. Thus, high level of
stringency was applied through peptide and protein false discovery rate
threshold of < 0.01 (strict) and < 0.05 (relaxed), digestion by trypsin with at
most one missed cleavage and only unique peptides for proteins identification.
However, it is important to state that high level of stringency also possibly

leads to false negative identifications.

The shared proteins identified could be linked to central liver pathways such
as amino acid biosynthesis and blood coagulation (e.g. the gene names FGG,
ASS1, GLUL, GOTI1, GOT2) (Figure 13A), comparable to an independent
proteomic analysis performed in the same study [221]. The hierarchical
branching of the heat map suggested that the outlier was the primary liver
tissue sample from donor 3 (Figure 13B). This means that the liver organoid
samples were more related to most of the primary liver tissue samples than the

outlier.
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- Pathways Gene name

A - Arginine biosynthesis CPS1, ASL, ASS1
o Asparagine and aspartate | GOTT, GOT2
7 biosynthesis

- Blood coagulation SERPINAT, FGB, FGG
Fructose galactose GALE, GALT, ALDOA,
metabolism ALDOB, ALDOC. GALKT
Glutamine glutamate GLUL, GLUD1T
conversion
Glycolysis PGAM1, ALDOA, ALDOB,

ADLOC, ENO1, PFKL,
GAPDH, TP, PGK1,
Primary Liver PKM. GPI, BPGM. PKLR
Inflammation mediated by | GNG12, ARPCS5L, GNAIZ,
chemokine and cytokine [ACTB, GNAI3, MAPK3,
signaling pathway GREB2, ARPC2, MYHS,
ARPC4, ACTBL2, GNG2,
PAK2, ARPCS, ITGBT,
GNGS, RRASZ, ACTGT,

B ARRB1, RAC1, ARPC3,

ARPC1A, CDC42

Pyruvate metabolism MDH2, CLYBL, PC,
PDHA1, PKM, ACLY, CS,
PKLR

TCA cycle FH, MDH1, ACO2,
SUCLG1, PDHA1, OGDH,

TGF-beta signaling FKBP2, MAPK3, RRAS2,

pathway FKBP1A

Figure 13. Untargeted proteomic analysis of liver organoids and primary liver tissue using
nanoL.C-MS and DDA. A) Venn diagram representing shared proteins between primary
liver donors and liver organoids, with an overview of the liver related GO pathways of the
shared proteins. B) Heat map of proteins identified in primary liver tissue (n=5) and liver
organoids (n=3) from label-free quantification. Proteins were clustered (rows clustering)
by Euclidean clustering.

Peptide separation and detection were achieved using nanoLC-MS, 0.075 mm
ID commercial columns, and Q-Exactive Orbitrap (Figure 14A-B). However,
nanoLC-MS was also performed at an external lab due to
instrumental/operational challenges in-house. Difficulties during operation
could vary from unstable Orbitrap MS/MS performance, nanoESI spray and
nanoL.C pump solvent delivery (EASY nLC 1000 pump), to easily clogged
tubings, SPE and analytical columns. The difficulties during operation reflects
the main drawback of nanoLC systems namely robust operation. Although
nanoLC provides high sensitivity separations, the performance of mass

spectrometers has been greatly improved over the past 10 years, and
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sensitivity has become a less critical issue when sample quantities are not

extremely scarce, hence the emergence of the robust microflow LC in

proteomics [226-228].
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Figure 14. Extracted ion chromatogram of liver organoids identified peptides (left) and
the respective peptide fragmentation spectrum (right) of proteins related to central liver
pathways. A) The peptide YLQEIYNSNNQK (m/z 757.37) from FGG (P02679) annotated
to blood coagulation, identified at charge +2. B) The peptide VGGVQSLGGTGALR (m/z
636.35) from GOT1 (P17174) and asparagine and aspartate biosynthesis, identified at
charge +2.

The SDS-PAGE-based bottom-up proteomic sample procedure included SDS
removal before ESI-MS detection, involving multiple time-consuming (>16
hours) and manual sample handling steps. Hence, conventional bottom-up
preparations in proteomics are well known to provide low throughput and

limited integration to automatic platforms.

To sum up: Using nanoLC-MS, the initial establishment of liver organoid

untargeted proteomic functionality was linked to human liver tissue, and the
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liver organoids proteins identified presented similarities to central human
liver functions. However, the conventional SDS-PAGE-based sample
preparation procedure provided low throughput with multiple manual sample

handling steps, including SDS removal.

3.1.2 Sodium dodecyl sulfate clearance using 96-well

electromembrane extraction: a case study

As discussed in Section 1.4.1, the use of SDS for cell lysis and protein
extraction has the drawback of ESI-MS incompatibility. The use of EME 1is
more commonly associated with small molecule extractions but has also been
used to remove unwanted compounds (Section 1.4.2). The parallel-EME
removal of SDS in 96-well format could become a novel method for proteomic
sample preparation of multiplexed samples, as an alternative to existing high
throughput proteomic platforms [229]. A fundamental study of SDS removal
using parallel-EME was thus conducted in Paper II (for parallel-EME setup,
see Figure 15A-D).

Figure 15. Experimental setup of 96-well parallel-EME, showing the A) sample reservoir
plate constituting the donor solution, B) the 96-well filter plate constituting the SLM and
acceptor solution, C) aluminum lid with 96 electrodes, and D) showing all plates clamped
together. Reprinted with permission from The Royal Society of Chemistry.
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The concentration of SDS added to promote cell lysis and protein solubility
was estimated to be 0.5-1.0 %, confirmed with both in-house experiments and
literature (results not shown) [230]. However, a high accumulation of SDS in
the SLM was observed when extracting 0.5%-1.0% SDS, consequently
limiting the SDS clearance to the SLM capacity. Increasing the membrane
area of the SLM from 28 mm? to 43 mm? provided 100% clearance from 0.5%
SDS after 30 minutes of EME. However, the increase of SLM surface area
forced a change in the EME configuration to use pipette tips as SLM instead
of 96-well parallel-EME. Furthermore, initial investigations of parallel-EME
SDS removal from a simple cell lysate showed protein concentration below
the detection limit in the remaining sample (Figure 16). Parallel-EME could
alternatively be performed after protein hydrolysis of the less hydrophobic
peptides to minimize the loss of proteins during extraction. Nonetheless,
parallel-EME was not mature for liver organoid proteomic sample preparation

and SDS removal.

1 2 Control

98 kDa

28 kDa

3 kDa

Figure 16. SDS-PAGE analysis of the extracted cell lysates (lIane 1 and lane 2) after SDS
removal using EME and the control cell lysate (HEK293), with Coomassie Blue staining.

To sum up: EME was explored as an approach for simpler large biomolecule

sample preparation. A fundamental study of the SDS removal using 96-well
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parallel-EME was conducted. Complete SDS removal was achieved, however,
using a modified EME setup in a pipette tip. The parallel-EME method was
not mature for liver organoid proteomic sample preparation and SDS
removal. Hence, conventional sample preparation procedures are still

preferred for large biomolecule analysis.

3.2 Liver organoids small molecule drug analysis

One key liver function is the ability to metabolize small molecule drugs
through enzymes such as the CYP family (Figure 17A), human esterases
(hydrolase superfamily, Figure 17B), and uridine 5'-diphospho-
glucuronosyltransferases (UGTs, Figure 17C).

Figure 17. Crystal structure of selected liver drug metabolizing enzymes. A) CYP3A4
(protein data base ID, PDB, 1TQN), B) human liver carboxylesterase 1 (hCE1l) in
complexed with naloxone methiodide, a heroin analogue (PDB 1MX9), and C) the UDP-
alucuronic acid binding domain of UGT2B7 (PDB 206L). Figures made using PyMOL.

Assessing the liver organoid metabolizing properties regarding small

molecules using MS could give fundamental insight into the developmental
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stage of the liver organoids generated from different cell sources in this study
(Figure 18A-B). Using MS, liver organoid metabolizing properties were
assessed regarding small molecule drugs with well-established drug
metabolites (heroin in Section 3.2.2, and methadone in Section 3.4), and small

molecule drugs with unknown drug metabolites (neratinib in Section 3.2.1).

Figure 18. Representative images of whole mount staining for albumin (red), CYP3A4
(turquoise), and Zonula occludens-1 (ZO1, green) of A) adult liver organoids, and B)
Liver organoids from HPSI0114i-vabj_3 iPSC. Adult liver organoids were applied in
Paper I11-V, iPSC derived liver organoids were applied in Section 3.1.1, Section3.2.2, and
Paper IV. Scale bar 50 pm. Photo credit: Aleksandra Aizenshtadt. Figure adapted from
Paper V.

3.2.1 Identifying unknown adult liver organoids neratinib drug

metabolites using mass spectrometry
In Paper III, we introduced quantitative Ramanomics as a bioanalytical tool
for chemometric phenotyping of liver organoids. The developed methodology
was demonstrated to be suited for in situ direct measurement of drug and drug
metabolite accumulation of a selection of drugs with reported impact on
hepatocytes (neratinib, amiodarone, nilotinib, fluticasone-propionate,

ketoconazole, and methadone) within the liver organoid model systems.
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Neratinib (also named nerlynx or HKI-272) was approved in 2017 by the US
Food and Drug Administration for the treatment of early-stage human
epidermal growth factor receptor 2 positive breast cancer (Figure 19) [231,
232]. The hepatotoxic effect of neratinib is not yet established; however,
neratinib showed the highest intracellular metabolite accumulation and
hepatotoxic effects of all the drugs studied using the developed Ramanomics
methodology in Paper III. Nevertheless, Raman spectroscopy is not able to
provide molecular structural information, consequently limited molecular
information on the neratinib metabolites accumulated. Although the neratinib
metabolism was early established to be CYP3A4 mediated, the current
knowledge on human neratinib metabolites is limited [233]. Therefore, an MS
method for identifying neratinib CYP3A4 mediated metabolites was
developed, using adult liver organoids derived from patient liver tissue (called

primary human hepatocyte spheroids in Paper I1I).

A literature study was conducted, showing suggested neratinib metabolites
from studies using simple model systems such as monolayer cells by
Aljakouch et al. and rat hepatocytes by Liu et al., using conventional LC-MS
[234, 235]. In the study of Aljakouch et al., the authors suggested three
metabolite candidates for neratinib CYP3A4 metabolism, detected using
Raman microscopy and LC triple Q MS in monolayer breast cancer cells and
small cell lung cancer cells [234]. Our initial investigations on neratinib
metabolism in adult liver organoids showed overlapping Raman spectra with
the study of Aljakouch et al. [234]. However, the three suggested metabolites
were not detected in-house using capLC-MS (triple Q and Orbitrap) and were
not detected in even simpler liver models with high enzyme concentrations
such as HLMs using different MS modes (full scan, SIM or product ion scan,

PIS). In addition, complete information regarding LC separation and MS
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detection was lacking in the Aljakouch et al. study, questioning the reliability

of the suggested neratinib metabolites.

In the study of Liu et al., the authors mapped the metabolic profile of neratinib
in rat hepatocytes, bile, and urine using LC and Orbitrap MS [235]. A total of
12 metabolites were detected with high confidence by providing complete
information on LC separation, structural information and suggested MS/MS
fragmentation. Of them, the metabolites M3 (blue area in Figure 19), M10
(green area in Figure 19) and M12 (orange area in Figure 19) were
unambiguously identified using in-house synthesized standards, also
suggested to be present by the assessment report by the European Medicines

Agency [236].
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Figure 19. Schematic of neratinib (theoretical m/z 557.2) and the three possible metabolic
outcomes: M3 (blue, O-dealkylation theoretical m/z 466.2), M10 (orange, N-demethylation
theoretical m/z 543.2) and M12 (green, oxygenation with theoretical m/z 573.2) from [235,
236].

Based on the study of Liu et al., we initially performed incubation of neratinib
in HLMs, and identified the neratinib metabolites M3, M10 and M12 using
capLC-MS and different MS modes (full scan, SIM and PIS). Neratinib
metabolite identification was based on the Cl isotope ion intensity ratio
[M+H+2]" of 3:1, and the relative retention order to neratinib and MS/MS

fragments were matched with the ones in the study of Liu et al. [235] (Figure
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20A-D). Consequently, a sensitive MRM method was established regarding
detection of M3, M10 and M12.
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Figure 20. Selected MS/MS spectra from neratinib incubation in HLMs, showing the
fragment ions from PIS of A) neratinib metabolite candidate M3 m/z 466.1 (with blue m/z
used for MRM), B) neratinib metabolite candidate M 10 m/z 543.4 (with orange m/z used
for MRM), C) neratinib m/z 557.4 (with grey m/z used for MRM), and D) neratinib
metabolite candidate M12 m/z 573.0 (with green m/z used for MRM). Acquired using
capLC-MS (triple Q). Figure adapted from supplementary information in Paper III.

Separation of the analytes from interferences using capLC (0.5 mm ID) and
MS, led to an identification of the three metabolites (M3, M10, and M12) in
both pellet and supernatant after adult liver organoids incubation in 5 uM
neratinib for 24 hours (Figure 21), meaning that the adult liver organoids
showed neratinib metabolizing properties. In addition, MS-analysis
complemented Raman spectroscopy observations, by providing

comprehensive chemical information on the neratinib metabolites present.
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Figure 21. Extracted ion chromatograms of neratinib (black) and neratinib metabolites
(M3 metabolite is marked blue, M10 is orange, and M12 green) identified in adult liver
organoids after incubation for 24 hours in 5 pM neratinib. A capLC column (HotSep®
Sunniest C18, 150 x 0.5 mm, 3 pm particles) and triple Q MS method was applied, using
a gradient program ranging from 20-80% MP B in 6 minutes (SmM ammonium formate
pH 3.1 as the MP A composition, and 95% ACN, 0.1% formic acid as the MP B
composition). Figure adapted from supplementary information in Paper III.

In Paper II1, neratinib metabolites were also detected in adult liver organoids
influenced by a CYP3A4 inducer (rifampicin) and high lipid content (inducing
steatosis, results not shown). Hence, the applicability of the capLC-MS in this
study could be beneficial in studies on disease influence on neratinib drug
metabolism. A combination of Raman spectroscopy and MS could also
become valuable in direct measurements of OoC, either to elucidate chemical
structural information in target deconvolution during drug development [237],
or as imaging techniques with the use of direct ESI (DESI) for MS imaging
(MSI) [238].

To sum up: The neratinib metabolizing properties of adult liver organoids
were mapped, through the identification of three neratinib metabolites using

capLC-MS and an optimized MRM-method.
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3.2.2 [Establishing liver organoids heroin metabolizing properties
using mass spectrometry

Due to the well-established knowledge on the liver heroin metabolites and
enzymes involved, heroin metabolizing properties of the liver organoids (from
two different organoid iPSC sources) were then investigated using the well-
established, conventional UHPLC-MS method used for routine clinical
analysis (AG27 and HPSIO114i-vabj 3 differentiated liver organoids in
Paper 1V) [239].

Heroin was introduced in 1898 as a semi-synthesized analgesic analog to the
opium extracted substance morphine, and is considered a narcotic substance
[240]. In the liver, heroin is metabolized by serial steps of phase I
deacetylation to 6-monoacetylmorphine (6-MAM, both spontaneously and
enzymatically) and morphine (mainly enzymatically) by esterases such as

human carboxyl esterases 1 or 2 (hCE1, hCE2, Figure 22) [239, 241-244].
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Figure 22. The human liver metabolism of heroin to its phase I metabolites 6-MAM and
morphine by e.g. human carboxyl esterases (hCE), and the morphine phase II metabolites
M3G and M6G mediated by UGTs. The liver organoid heroin metabolism was measured
in Paper IV.
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During heroin phase II metabolism, morphine undergoes glucuronidation to
form mainly morphine-3-glucuronide (M3G), but also morphine-6-
glucuronide (M6G), a reaction mediated by UGTs [245].

The UHPLC-MS method provided high resolution separations (within 5
minutes) for the heroin metabolism related analytes (Figure 23).
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Figure 23. Extracted ion chromatogram showing the separation of the analytes M3G,
M6G, morphine, 6-MAM and heroin with the use of UHPLC-MS (triple Q) and a 2.1 x
100 mm Acquity UPLC® HSS T3 C18 column with 1.8 pm particles. The MP A consisted
of 10 mM ammonium formate buffer pH 3.1 and MP B consisted of methanol. The
gradient was ranging from 0-100% MP B in 4.61 min with a flow rate of 0.5 mL/min.
Reprinted with permission from American Chemical Society.

After liver organoid incubation in 10 uM heroin for 24 hours, the heroin phase

I metabolites 6-MAM and morphine were successfully measured using
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UHPLC-MS, meaning that liver organoids showed phase I metabolizing
organotypic functions (Paper IV, and Figure 24).

Trace levels of the heroin phase Il metabolites M3G (12 nM) and M6G (2 nM)
were also measured after 24 hours. The low concentration levels of phase II
metabolites detected were similar with the two liver organoids iPSC sources
studied. Thus, the observations confirmed that the liver organoids showed
traits to the human liver concerning heroin phase I and phase Il metabolism.
However, the kinetics were substantially slower than observed with, e.g.,
HLMs and S9-fractions (results not shown) [246]. A reason could be the high
concentration of enzymes in the mentioned models, compared to liver
organoids most likely relying on drug diffusion to reach the cells of the

spherical structured organoids.
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Figure 24. Liver organoid drug phase I and II metabolism measuring the concentration
(uM) of heroin, 6-MAM, morphine, M3G and M6G with the use of centrifugation based
sample preparation and UHPLC-MS. Liver organoids from iPSC HPSI0114i-vabj 3 (20
organoids) were incubated in 10 pM heroin for 0 and 24 hours. Each bar represent the
mean (£ standard deviation, SD) of triplicate samples. Work performed by Ida Sneis
Boger, whom I supervised. Reprinted with permission from American Chemical Society.

To sum up: liver organoids showed heroin metabolizing properties to form
small molecule heroin metabolites 6-MAM, morphine, M3G and MO6G,
measured using conventional UHPLC-MS.

3.2.3 Challenges in small molecule conventional sample
preparation
The conventional low throughput centrifugation-based sample preparation
was applied for the above-mentioned small molecule studies (Paper III and
Section 3.2.2), involving several manual sample handling steps (Figure 29A).
In addition, the liver organoids were grown in complex medium with high
content of impurities such as salts and proteins, and the subsequent analysis
would benefit from using a thorough clean-up prior to analysis. Thus, calling

for a simpler sample preparation of higher selectivity and throughput.
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To sum up: The universal centrifugation-based sample preparation was
applied for small molecule analysis, calling for a selective, high throughput

sample preparation.

3.3 Parallel electromembrane extraction for high
throughput liver organoids small molecule drug

analysis
Although EME was applied for SDS removal in Paper II, EME is well
established for extracting, e.g., acidic and basic drugs, discriminating target
analytes from biological matrix substances (Section 1.4.2). The use of EME
has advanced to higher throughput platforms such as parallel-EME in 96-well
format, providing fewer manual sample handling steps prior to analysis
compared to centrifugation-based sample preparation (Figure 29B). Thus, in
Paper IV we evaluated the fit of EME with liver organoid heroin metabolism.
For this purpose, high throughput parallel-EME combined with the
benchmark UHPLC-MS method, and the two liver organoids iPSC sources

from Section 3.2.2.

3.3.1 Optimizing parallel electromembrane extraction of heroin
and metabolites

Though morphine has previously been extracted using EME [247-249], EME
of heroin and 6-MAM has not previously been performed. A common
challenge when using EME, is the low extraction recoveries for polar analytes
due to the unpolar character of the SLM (Section 1.4.2). Due to the trace level
detection of the polar heroin phase II metabolites M3G and M6G in Section
3.2.2, EME conditions were not initially optimized for M3G and M6G.
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EME-conditions for heroin, 6-MAM and morphine were optimized, achieving
analyte selectivity by varying EME conditions such as the SLM composition,
voltages applied, and the time of extraction. The optimized EME extraction
parameters were evaluated to be 10% (w/w) DEHP/NPOE SLM composition,
with an applied voltage of 30-50 V for 15 minutes (Figure 25). In literature,

similar EME conditions were applied for morphine extraction [247, 248].
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Figure 25. Analyte recovery (%) of parallel-EME under varying conditions (SLM
composition, extraction voltage, and extraction time), with 5 pM standard solutions and
spiked cell medium samples using CE-UV for quantitation. Reprinted with permission
from American Chemical Society.

However, differences in EME recovery for heroin (76%), 6-MAM (82%), and
morphine (36%) spiked in cell medium, and poor parallel-EME sample to
sample repeatability (with relative standard deviation, RSD up to 68%) in

47



initial liver organoid heroin small molecule extractions, contributed to
inaccurate measurements. Differences in extraction efficiency using parallel-
EME were thus corrected by adding isotopically labeled internal standards

(IS) before extraction.

3.3.2 Parallel electromembrane extraction of liver organoid

heroin metabolites
The 96-well parallel-EME was then applied for studying liver organoid heroin
metabolism. Samples containing different numbers of organoids (20 and 60
organoids) from two different liver organoid iPSC sources were exposed to 10
uM heroin for 24 hours (Figure 26A-B). Liver organoid samples of heroin
and heroin metabolites were extracted in parallel using parallel-EME, with a
sample-to-sample repeatability of 0.4%- 25% (with the exception of 6-MAM
and heroin at time point 24 hours). The phase II metabolites M3G and M6G
were not detected, as anticipated with the low initial morphine recovery

(36%).

The observed heroin metabolism kinetics was comparable with the
observations from Figure 24. Thus, parallel-EME was successfully applied in
extracting small molecules liver organoid heroin and heroin phase I

metabolites.
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Figure 26. Concentration of heroin and metabolites (uM) in liver organoids using parallel-
EME and UHPLC-MS after heroin incubation of liver organoids differentiated from the
iPSC cell lines (A) AG27 (60 organoids) and (B) HPSI0114i-vabj 3 (20 organoids) in 10
eM heroin for 1, 3, 6, and 24 h. In parallel, cell medium free from organoids was used as
the drug degradation control sample. Each bar represents the mean (+SD) of triplicate
samples. One of the three replicates of time point 6 h liver organoids (HPSI0114i-vabj 3)
was discarded. The asterisk indicates the removal of one data point due to a poor IS signal.
Reprinted with permission from American Chemical Society.

The parallel-EME liver organoid methodology was established using
UHPLC-MS (Section 3.2.2), providing analyte retention time repeatability
with a maximum RSD of 0.07%, limit of quantification (LOQ) of 1 nM and
injection volumes of 7 uL. However, similar analyte sensitivities (primarily
morphine) were not achieved when we implemented the LC-MS method in-
house. With the future objective of online integration of the methodology, we
investigated alternative separation approaches with column IDs more suitable

for high throughput and sensitive analyses of trace samples.
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3.3.3 Miniaturized separation techniques not compatible with

liver organoid small molecule analysis
Alternative miniaturized analytical approaches to UHPLC-MS were evaluated
with regards to sensitivity, compatibility of the methodology of Paper IV and

the fit for future online analysis.

Heroin and heroin metabolites have previously proven to be compatible with
various CE and detection setups [250-253]. The EME extracted analytes from
the organoid samples showed CE-UV electropherograms free from closely
migrating interferences, and analyte separations within 2.5 minutes (Figure
27). The low injection volume (107 nL) was favorable with regards to the
future handling of small organoid sample volumes. However, when coupled
to UV-detection, the LOQ was estimated to be 0.5 uM for all analytes, and
thus organoid incubation in 50 uM heroin was required to achieve UV-
detection. In addition, indications on low robustness were observed with

variations in analyte resolution affected by minor differences in sample pH.
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Figure 27. Electropherogram of liver organoid drug metabolism using parallel-EME and
simple CE-UV using 75 pm ID fused-silica capillaries, and incubation of 60 liver organoids
in 50 pM heroin for 6 hours. Sample injection was equivalent to 107 nL. Separations and
measurements were performed with an applied potential of 30 kV (25°C) and at an UV-
absorbance of 214 nm. Reprinted with permission from American Chemical Society.
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In Paper IV, RP nanoLC-MS was applied in a proteomic case study of the
liver organoids, identifying proteotypic peptides associated with liver heroin
metabolizing enzymes (e.g., hCE1 and hCE2, results not shown). Using the
same setup as for the proteomic analysis in Section 3.1.1 and Paper IV, the
RP nanoL.C-MS system was to be evaluated for the determination of heroin,
6-MAM and morphine. The nanoLC-MS system was capable of achieving
detection down to 0.95 pM for heroin and 6-MAM (1 pL injections) while
providing excellent chromatographic performance within 8 minutes (results
not shown), demonstrating the potential of nanoLC for sensitive small

molecule analysis.

However, as discussed in Section 3.1.1, similar challenges during operation
were observed regarding nanoLC robustness, and poor chromatography was
associated with the determination of the more polar analyte morphine.
Although the polar metabolite morphine was detected using conventional and
robust UHPLC-MS, morphine showed limited retention and retention
repeatability using both the proteomic two-column setup and one-column
setup, also when varying parameters such as LC column packing material,
maximum loading pressure, and the sample loading time (Figure 28).
Nevertheless, the methodology of Paper IV regarding morphine retention was
not fully compatible with nanoLC, suggesting that RP nanoLC systems are
not currently suited for polar metabolite studies. Future work could include
assessing other RP materials more compatible with small polar analytes, e.g.,
phenyl-hexyl, as the phenyl groups on the SP can provide additional

interactions with the aromatic rings in morphine.
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Figure 28. Extracted ion chromatogram of a 375 nM standard solution containing heroin,
6-MAM, morphine, and corresponding IS, analyzed using a one-column setup equipped
with an Acclaim PepMap commercially packed analytical column with different on-
column loading times (1, 2, 3, and 4 min), and injection volumes of 500 nL. Work
performed by Ago Mrsa, whom I supervised. Reprinted with permission from American
Chemical Society.

To sum up: High throughput parallel-EME was successfully applied in
selective extraction of liver organoid heroin and heroin metabolites 6-MAM,
and morphine using UHPLC-MS. CE-UV and nanoLC were explored
regarding sensitivity, compatibility of the methodology, and the fit for future
online analysis. The nL injection volume CE showed poor detection limits
when coupled to UV detection, and although high sensitivity was achieved
using nanoLC, a recurring challenge was the poor chromatographic

performance of morphine.
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3.4 Electromembrane extraction hyphenation with mass
spectrometry for online liver organoids small molecule

drug analysis
With Paper IV demonstrating the good fit of EME for simple and upscaled
extraction of drug and drug metabolites before MS analysis, a natural next step
was to bridge EME with MS for high throughput online exploration of liver

organoid drug metabolizing properties, hence the aim of Paper V.

In 2018, Hansen et al. introduced EME on-chip and offline LC-MS, and the
possibility of high analyte enrichment with only 6 nL acceptor volume [196].
Coupling organoid drug incubations with the nano-scale EME-chip and MS
analysis would thus enable sensitive, real-time direct measurements of
organoids and their minute secretions without multiple manual sample
handling steps losing valuable sample information (Figure 29C). To increase
the sensitivity while preserving robustness and scalability, we explored the
capLC column format of 0.5 mm ID (from Paper III) compared to nanoL.C
and conventional UHPLC in Paper IV. Here, adult liver organoids were used,

derived from a different donor tissue cell source than that in Paper I1I.
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Figure 29. Schematic overview of the workflow of drug studies performed with (A) a
standard sample preparation approach using centrifugation and several steps of manual
pipetting prior to analysis, and (B) parallel-EME with fewer steps of manual pipetting
and sample handling prior to analysis. C) Drug studies performed on chip with continuous
EME extraction and no manual sample handling prior to LC-MS analysis. Figure adapted
from Paper IV and Paper V. Reprinted with permission from European Chemical
Societies Publishing.

3.4.1 Technical setup

In Paper V, a modified version of the EME-chip from [196] was fabricated,
with changes such as a larger donor sample reservoir and adding a separate
analyte permeable inner reservoir for organoid incubation (Figure 30A).
Following the setup from Hansen et al. [196], the positive electrode was
placed in the extraction reservoir of the EME-chip (Figure 30A-B), and the
electrical field across the SLM to the acceptor solution was created using two

stainless steel unions as negative electrodes (Figure 30B).

The low-pressure EME-chip and the high-pressure LC-MS setup were
separated through a two position 10-ports valve (Figure 30C-D). In position
1 (Figure 30C), the EME of analytes from the extraction reservoir (donor

solution) was performed, with a syringe pump continuously pumping the
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extracted analytes filling the sample loop. Though extraction under stagnant
conditions were associated with greater repeatability in the study of Hansen et
al. [196], stagnant extraction led to clogged chip channels (100 pm x 100 pm)
and connected tubing (100 um ID) when operated under physiological
conditions (37°C). The interval of the EME on-chip was set to 5 minutes
(equal to 50 puL sample volume), and a sample loop of 60 pLL was chosen to
correct for the possible analyte band broadening in the acceptor channel

previously observed [196].

In position 2 (Figure 30D), no EME was performed, and the acceptor solution
was pumped to waste. The sample loop plug (extracted analytes in 5 mM
ammonium formate pH 3.1) was pumped by the high MP organic solvent
percentage from the LC-pump (MP composition of about 40% ACN in 0.1%
FA, and 60% ammonium formate pH 3.1), thus enabled analyte refocusing on

the analytical column before LC-separation.
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Figure 30. 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 pL 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. Figure adapted from Paper V. Reprinted with permission from European
Chemical Societies Publishing.
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3.4.2 Proof-of-concept: online sampling and measuring of liver

organoids small molecule methadone metabolites
In Paper IV, the polar heroin metabolite morphine required the addition of
DEHP in the SLM composition (10% DEHP/NPOE) to achieve sufficient
EME recovery. However, DEHP has shown to be leaking from the SLM in
sample solutions with a pH > 4 [184]. Thus, DEHP would not be favorable for
EME-chip integration with physiological pH liver organoid compatible donor
solutions. As morphine also indicated poor compatibility with miniaturized
chromatography (Paper IV), heroin was not chosen as a model substance for

Paper V.

Since the introduction of EME, methadone has frequently been used as the
model drug with EME under various EME-conditions with NPOE as the SLM
solvent [254, 255], also extracted in the study of Hansen et al. [196].
Methadone is mainly metabolized in the liver by CYP3A4 mediated N-
demethylation to form hydrophobic metabolites 2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine (EDDP) and 2-ethyl-5-methyl-3,3-diphenylpyrroline
(EMDP, Figure 31) [256-258]. The methadone metabolites EDDP and EMDP
have also previously been shown to be compatible with EME [188, 259].

Thus, methadone was chosen as a model substance for Paper V.
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Figure 31. Human liver metabolism of methadone to form EDDP and EMDP, a reaction
mediated by CYP3A4. Methadone was used as drug substrate for liver organoid
metabolism measurement in Paper V.

With the current EME-chip setup coupled online to capLC and triple Q MS,
detection down to sub 100 pM was achieved for methadone and EDDP. For
proof-of-concept, we used the current setup for online extraction and
measurements of small molecule drug metabolites studying methadone
metabolism in adult liver organoids. The organoid reservoir was filled with 50
adult liver organoids, and organoid incubation was performed in 1 uM
methadone for 24 hours (37°C, with agitation), as in accordance with Section
3.2 and Paper IV. Introducing the methodology direct EME-MS (dEME-
MS); on-chip EME, sample loading and capLC-MS separation and detection
was performed automatically for 11 time points (compared to < 4 time points
in Paper IV). Analyte selectivity was enabled through EME, capLC
separation, and MS analyte specific MRM-transitions. The use of capLC
chromatography also showed to be compatible with the current setup, with
methadone width at the half peak height (Wos) of 10-11 seconds and analyte
retention time repeatability of < 0.4% (Figure 32).
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Figure 32. Extracted ion chromatogram of methadone, EDDP and EMDP in EME-chip
extracted liver organoids after 24 hours of incubation in 1 puM methadone using capL.C-
MS. Gradient start was at 11 min starting from 40-80% MP B in 3.5 min (SmM
ammonium formate pH 3.1 as the MP A composition, and 95% acetonitrile, 0.1% formic
acid as the MP B composition). The signal delay to the MS was 1.1 minutes. Figure
adapted from Paper V. Reprinted with permission from European Chemical Societies

Publishing.

Using dEME-MS, the methadone metabolism in adult liver organoids (n=4)
was mapped, showing increasing metabolite formation to EDDP and EMDP
with decreasing peak area of methadone, consistent with literature (Figure 33)

[260-262]. However, with variances (£ SD) anticipated at this prototype stage.
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Figure 33. Mean peak area (+ SD) of methadone and metabolites from the four studies of
adult liver organoids drug metabolism in 1 pM methadone using incubation and EME on-
chip, and continuous sample transfer and capLC-MS measurements. Measurements were
undertaken at the following time points; 0 hours, 20 min, 1, 2, 3, 5, 8, 16, 20, 22 and 24
hours. Time points 8, 20, 22 and 24 was not measured in one of the four studies due to
operational difficulties. Figure adapted from supplementary materials in Paper V.
Reprinted with permission from European Chemical Societies Publishing.
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3.4.3 Notes on challenges and potential related to online organoids
incubation, sampling, separation and detection

The reason for the significant variations in signal intensity during operation
described in the previous section could reflect the numerous challenges related
to the online integration of organoid incubation, sampling, separation, and
measurement. As previously mentioned, the EME-chip and chip-connected
tubing were observed to be prone to clogging during operation under
physiological conditions (37°C). Although tubing with a larger ID was applied
(originally 0.13 mm, changed to 0.39 mm ID), the clogging of chip channels
and tubing was a recurring challenge. In addition, rupture of the SLM porous
membrane of the chip was also observed, suspected to be due to increased
backpressure. Future improvements could include implementing commercial
LC-fittings that connect the EME-chip to the valve system for more
operational friendly upscaling of the EME-chip setup.

As the expression level and metabolic activity of CYP3A4 and other drug
metabolizing enzymes are highly donor-specific, the high variability in signal
intensity could also be explained by the use of adult liver organoids from
different donors. Day-to-day variabilities in MS signal intensity made
absolute quantification challenging, in addition to the possible variations in
chip-to-chip extraction efficiency (observed in [196]). As in Section 3.3.1, the
observed variations can be corrected by adding IS to the acceptor solution,

essential for future absolute quantification of the conceptual setup.

Nevertheless, dEME-MS was capable of automated and selective drug
monitoring of drug metabolism in liver organoids, and the conceptual work of
Paper III can be further assessed for a range of unpolar drugs and drug

metabolites of telltale traits of enzyme activity (e.g., tolbutamide for
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CYP2C9). Optimizing the SLM composition to better fit polar small molecule
drugs (e.g. phenacetin as telltale of CYP1A2) and also polar endogenous
metabolites (e.g., metabolomics-on-a-chip) would broaden the applicability of
the conceptual work of dEME-MS, for future automated drug discovery
efforts [263].

We have also previously investigated a column format selective for drug
targeting (monolithic support immobilized with a Wnt pathway inhibitor) that
could be further explored for implementation [264]. Furthermore, design
adjustments to the dEME-MS platform should be made to fit the hyphenation
to organ-on-a-chip devices better. For direct plug-and-play connection to the
organ-on-a-chip, the EME-chip inlet could be designed to fit the outlet of the
organ-on-a-chip. An alternative design concept to explore could be “EME in

a tubing” directly coupled to the organ-on-a-chip outlet using fittings.

To sum up. Proof-of-concept dAEME-MS was successfully applied in mapping
adult liver organoid methadone metabolism. The low-pressure EME chip was
bridged with the high-pressure capLC-MS through a two position 10-port
valve, ensuring online sampling and measurement of the EME-extracts for 24

hours.
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4 Concluding remarks and future aspects

This thesis explores the use of MS and separation sciences to assess liver
organoid functionality by measuring biomolecules, spanning from proteins to
small molecule drug metabolites. High throughput sampling was successfully
achieved using parallel-EME and EME on-chip for selective small molecule
extraction. However, parallel-EME was not found to be mature for large

biomolecule sample preparation.

The proteomic functionality of the liver organoids was mapped and compared
to human liver tissue using SDS-PAGE protein fractionation and nanoLC-MS.
1003 identified proteins were shared between liver tissue and liver organoids.
Several proteins connected to central liver functions were identified in the
liver organoids. However, the conventional sample preparation procedure
entailed multiple sample handling steps and low throughput. Parallel-EME
could become a novel method for SDS-removal during proteomic sample
preparation of multiplexed samples in 96-well format. Thus, a fundamental
study of SDS removal using EME was conducted. Complete SDS removal
was achieved with an increase in SLM surface area using a modified EME
setup in a pipette tip. However, the parallel-EME method was not found
mature for liver organoid large biomolecule sample preparation and SDS

removal.

Next, the liver organoid metabolizing properties were assessed by measuring
neratinib-, heroin- and methadone metabolism. Adult liver organoids neratinib
metabolizing properties were established by identifying unknown human
neratinib metabolites using capLC-MS. Next, the heroin metabolizing

properties of liver organoids were assessed using UHPLC-MS, identifying
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both heroin phase I metabolites 6-MAM, morphine, and traces of the phase II
metabolites M6G and M3G. Conventional low throughput centrifugation-
based sample preparation was applied for the above-mentioned small

molecule studies.

Minimizing the manual sample handling steps, 96-well EME was successfully
applied for liver organoid extraction of heroin and phase I metabolites using
conventional LC-MS. CE and nanoLC were tested for sensitivity,
compatibility of the current methodology, and the fit for future online analysis.
The nL injection volume CE showed poor detection limits when coupled to
UV detection. Although high sensitivity was achieved using nanoLC, a
recurring challenge was the poor chromatographic performance of morphine.
Thus, nanoLC and CE-UV were not found to be mature for increased

throughput and online MS-analysis.

The capLC-MS and small molecule analysis were hyphenated, enabling
separation of the high-pressure capLC and the low-pressure liver organoids
incubation through EME on-chip and continuous sampling using a two-
position 10-port valve. As a proof-of-concept, adult liver organoid methadone
metabolizing properties were monitored for 24 hours, with 11 online
measurements showing EDDP and EMDP methadone metabolite formations.
Future improvements on the EME-chip architecture and connections should
be made for increased robustness of the online EME-chip capLC-MS. The
dEME-MS setup can be further assessed for other drugs and metabolites of

telltale traits of enzyme activity.

The liver organoids in this study displayed liver organ functionality, here

presented through different bioanalytical tools. Although EME was not well
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suited for large biomolecule sample preparation, EME combined with small-
molecule extractions and liver organoids were well-matched and integrated
online to capLC-MS. During this thesis, the developed bioanalytical strategies
contributed to greater insight into organoid response and functionality, and
could be a powerful tool in improving organoid development. Thus, the work
presented could add to organoid bioanalytical technology in future drug

development, disease modeling, and personalized medicine.
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1 Introduction

Drug discovery and development is a lengthy and costly pro-
cess that involves several preclinical stages, including target
validation, hit to lead optimization, adsorption, distribution,
metabolism, and excretion studies, pharmacodynamics stud-

Electrophoresis 2020, 41, 56—64
Review

3D cell culture models and organ-on-a-chip:
Meet separation science and mass
spectrometry

In vitro derived simplified 3D representations of human organs or organ functionalities
are predicted to play a major role in disease modeling, drug development, and personal-
ized medicine, as they complement traditional cell line approaches and animal models.
The cells for 3D organ representations may be derived from primary tissues, embryonic
stem cells or induced pluripotent stem cells and come in a variety of formats from ag-
gregates of individual or mixed cell types, self-organizing in vitro developed “organoids”
and tissue mimicking chips. Microfluidic devices that allow long-term maintenance and
combination with other tissues, cells or organoids are commonly referred to as “micro-
physiological” or “organ-on-a-chip” systems. Organ-on-a-chip technology allows a broad
range of “on-chip” and “off-chip” analytical techniques, whereby “on-chip” techniques of-
fer the possibility of real time tracking and analysis. In the rapidly expanding tool kit for
real time analytical assays, mass spectrometry, combined with “on-chip” electrophoresis,
and other separation approaches offer attractive emerging tools. In this review, we provide
an overview of current 3D cell culture models, a compendium of current analytical strate-
gies, and we make a case for new approaches for integrating separation science and mass
spectrometry in this rapidly expanding research field.

Keywords:
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ies, and in vitro toxicity testing before the drug can proceed
through the investigational new drug stage to clinical trials
[1, 2]. Most experimental drugs fail before reaching clinical
trials. Further significant termination of new drugs occurs
during latter stages of clinical trials. Only around 10% of all
drugs that enter phase I clinical trial succeed in obtaining the
United States Food and Drug Administration approval while
over half of the drugs tested in phase III trials spanning from
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1998-2008 fail due to inadequate preclinical efficacy and drug
toxicity [3,4].

Numerous studies have highlighted culprits which are
contributing to the low efficacy and high toxicity of drugs
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entering preclinical testing [5]. In particular, it has been
pointed out that cells that are used in preclinical drug val-
idation assays (e.g. immortalized cell lines and cancer cell
lines) frequently do not reflect the physiology, complexity,
and diversity of a corresponding cell in healthy humans. Cell
lines have altered biochemical pathways due to the culturing
process or the disease state of the donor from which they
were derived. Mouse and other animal models better reflect
the complexity of the human body, but their physiology di-
verges from the human state and they fail to capture the het-
erogeneity of the human population. In addition, the field
lacks appropriate mouse models for a significant spectrum
of human disease conditions. Finally, extensive animal exper-
iments, as required for preclinical drug testing, raise ethical
issues. Hence, there has been an increasing demand for de-
veloping novel experimental models that may help to better
map potential patient responses to experimental drugs dur-
ing preclinical drug development. A currently explored strat-
egy in this direction is to increase the complexity of an ex vivo
cellular system to better reflect aspects of the human physiol-
ogy relevant to the drug discovery and validation process [6,7].
Hence, traditional 2D- cultivated cell cultures are expanded
into barrier structures comprising of two cell layers that may
include several cell types separated by a membrane, 3D struc-
tures that may contain a number of cell types in a specific
spatial arrangement, and combined systems that comprise
several cellular systems [7, 8]. By combining the advances in
cell engineering with microfluidic technology and lab-on-a-
chip [9,10], different chip-based cell microenvironments have
evolved and facilitated miniaturized in vitro studies over the
past two decades [11,12].

Recent examples for cell barrier structures are lung-on-
a-chip [13, 14], and gut-on-a-chip systems [15, 16]. Examples
for 3D structures that may be relevant for drug testing are
neural organoids [17, 18], 3D muscle structures [19, 20], liver
organoids and liver-on-a-chip models [21, 22], islets [23], and
white adipocyte tissue-on-a-chip [24]. Examples for combined
structures may be a gut-on-a-chip coupled to a liver-on-a-chip
to model drug adsorption and metabolism [25], a liver-on-a-
chip combined with a heart-on-a-chip to model cardio-toxicity
[26], and a tumor-on-a-chip combined with components of
the immune systems in fluidic compartments [27].

The biological material for barrier structures, 3D
cultures, and multi-organ systems “on chip” can vary. Fre-
quently, immortalized cell lines such as human hepatic
(HepG2) cells, human intestinal (Caco-1) cells, or human
vascular endothelial cells are used [25]. Such cell lines provide
a controlled and reproducible source of biological material at
the cost of compromised physiological activity. Cells can also
be derived, either in a terminally differentiated state such as
human hepatocytes, or as cells differentiated from adult stem
cell pools such as mesenchymal stem cell derived chondro-
cytes, osteoblast, and adipocytes. Further promising source
for functional cells are human embryonic stem cells (ESCs)
and human induced pluripotent stem cells (iPSCs) [28]. Both
stem cell types can in principle be differentiated into all types
of cells present in the human body. However, many differenti-
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ation protocols require further elaboration and differentiated
cells or tissue derived from ESCs or iPSCs lack the maturity
and physiological activity of adult tissue, and commonly
lack the correct spatial arrangement that is characteristic of
mature tissue [29]. Despite these pitfalls, iPSC technology
not only allows for the creation of a representative system
for functional organs, but — since iPSCs can be derived from
any subject, control or diseased — it also enables genotypic
personalization [6]. Hence, the field works towards exploring
future preclinical drug testing on healthy and diseased 3D
models with the perspective of allowing researchers to ex-
trapolate how patients may respond to a plethora of drugs in
a healthy state, and at various stages of their personal disease
progression.

2 Drug development and disease
modeling in vitro

There are many variations of 3D cell culture, though some
are distinctly more organotypic than others, by virtue of
being formed through developmentally recognizable stages
[30], in contrast to aggregates or spheroids [31], while some
lie between the two such as the liver buds from the Takebe
group, a mixture of iPSC specified hepatic endoderm with
cell lines condensed to mimic the early points in organogen-
esis [32]. A distinct subset of 3D cell culture, organoids are
self-organized tissue systems derived from stem cells includ-
ing iPSCs, ESCs, and in vivo derived progenitor populations.
They can reflect much of the complexity of the organ they
model, or present with certain aspects of the organ, for exam-
ple producing only specific types of cells, i.e. LGR5 derived
single cell liver organoids [33]. They can be distinguished
from Organ-on-chip technology that relies on engineering
specific complexity or features into the system, such as
distinct spatial separation of different cell types and/or extra
cellular matrices, in order to model a key organ or tissue
function or subunit. An advantage of organoid cultures, com-
pared to monolayer culture systems, is that it provides an
environment allowing cell-cell interactions to be established,
therefore mimicking the in vivo situation, such as the correct
orientation and polarity of cells and formation of structures,
where they begin to take on the properties of smaller tissue
subunits. For example, a number of labs have produced cere-
bral organoids using PSCs, which recapitulate developmental
processes and importantly the organization of a developing
human brain including acquisition of cell polarity and
distinct neuronal zones [34-37]. While intestinal organoids
present with polarized columnar epithelium containing en-
terocytes, goblet, Paneth, and enteroendocrine cells, they also
develop characteristic villus structures and proliferative crypt
zones expressing stem cell markers, which are representa-
tive traits of the human intestine [38-40]. Hepatic organoids
have been demonstrated that form both hepatocytes and
cholangiocytes and their organization into physiologically
relevant structures in a single protocol, where non-organoid
derivation of these cell types requires separate protocols [41].
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In general, 3D cultures containing multiple cell lineages
have advantages over co-culture based on monolayer sys-
tems. An example is demonstrated by Coll and colleagues’
cultured spheroids consisting of iPSC derived hepatic stellate
cells (HSCs) and the immortalized “hepatocytes like” cell line
HepaRG cells. They observed a quiescent phenotype from
the HSCs in the aggregates as well as an increased hepato-
cyte specific gene expression in the HepaRGs [31]. These co-
cultures can then be used to model liver fibrosis caused by
activation of the HSCs in the liver, which can lead to cirrhosis
and hepatocellular carcinoma. Treatment of these co-cultures
with fibrogenic and hepatotoxic compounds resulted in signs
of fibrosis such as HSC activation, extracellular matrix secre-
tion, and deposition which are absent from mono-cultures of
these cells, highlighting the interaction between the two cell
types within the spheres and showing their use as disease and
toxicity models.

Many diseases, however, would be unsuitable for model-
ing in an aggregate system, such as the one used above, as
they are caused by changes in the arrangement of cells or 3D
structure of solid organs during development. Here, the self-
organizing complexity of organoids is a necessity. For exam-
ple, hepatobiliary organoids were used in a study by Guan and
colleagues to model Alagille syndrome, which presents with
impaired bile duct formation and many facets of biliary atre-
sia in patients. The study used iPSCs harboring a mutation
in the JAG1 gene to generate hepatobiliary organoids and the
model recapitulated many of the defects observed in patients
including impaired biliary development, revealing that it is
not caused by immune mediated damage [41].

To develop and utilize 3D organoids and organ-on-a-chip
technology to their full potential, it is important to under-
stand the current development state of the technology and the
analytical possibilities that it provides. In this review, we will
discuss how extraction and separation science (based on chro-
matography and electrophoresis) and MS techniques may be-
come central tools in tomorrow "s drug discovery and valida-
tion studies in microphysiological systems. As of today, the
coupling of, e.g. electrophoresis and organoids/organ-on-a-
chips are hardly described in literature, so this review is in-
tended to serve as an introduction to new possibilities.

Since organoid technology is at a relatively early stage
in its development, the accepted characterization and anal-
ysis parameters for organoids are currently evolving. To date,
a number of accepted molecular, cellular, and next genera-
tion analyses are carried out, including: reverse transcription-
quantitative polymerase chain reaction against established
developmentally relevant genes, western blot analysis, mi-
croscopy including confocal, spinning disc and light sheet,
flow cytometry, ELISA and now single cell RNA sequencing
is becoming the bench mark (Fig. 1). These are used to study
the development and validate the differentiation of 3D cul-
tures as well as to assess the effects of assays in the context
of disease modeling, etc. However, bioanalytical techniques
such as chromatography, electrophoresis, and MS are still lit-
tle used in organoid analysis. Below, we discuss opportunities
for these approaches.
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3 The small size of an organoid: challenges
and opportunities for micro-separations

Organoids are typically very small, e.g. in the millimeter
scale or below. Hence, there are significant challenges in
performing sensitive analysis of organoids, in regards to
both the organoid itself, and perhaps even more challenging,
the minute secretions of an organoid. Conventional LC-MS
systems will arguably pose difficulties in organoid analysis,
as they are primarily developed for far larger sample sizes.
Specifically, conventional LC-MS systems often feature
separation columns that have 1-2.1 mm id.. Although
these columns are robust and reproducibly manufactured,
there lies a disadvantage in that the wider the i.d., the more
a sample is diluted during chromatography. This can be
detrimental to sensitivity when a concentration-sensitive
detection system such as electrospray-MS is employed [42].
Sample dilution does not have to be an issue when ample
amounts of sample are available, but when very limited sam-
ples are to be processed, a reduction in column i.d. may be
preferred. This is one of the reasons why proteomics is often
performed with narrow LC columns, e.g. the nano-LC format
(about 0.05-0.1 mm column i.d.). It can however be men-
tioned that larger column i.d. are also used for proteomics,
in compromises between sensitivity and robustness, but also
because of improvements in ESI hardware. In routine drug
analysis laboratories, narrow column i.d. are often regarded
as being impractical, due to the difficulties of handling the
small-scale hardware and nL-pL/min flow rates. However, to
perform analyses related to organoids, narrow LC columns
may be the only choice (and hence an important application
area for the technology). Also, organoid/organ-on-a-chip re-
searchers are already working with low flow fluidic systems,
so the realities of narrow LC may be simpler to accept, as
was the case in proteomics.

Nano-LC-MS based proteomics is a beneficial tool in
organoid analyses typically relying on the analysis of peptides
enzymatically digested from their proteins of origin (“bottom-
up” proteomics) [43]. When additional pre-fractionation tech-
niques are employed, nano-LC-MS analyses have led to
the identification and quantification of over 7000 proteins
in different organoid materials (e.g. intestinal-, pancreatic-,
mammary- and tumor and healthy colon organoids) [44—47].
For example, Cristobal et al. assessed the proteomic hetero-
geneity between patient-derived human colorectal tumor and
healthy organoids using nano-LC-MS. The proteomic study
recapitulated previous genetic experiments demonstrating
that down-regulation of the protein MSH3 correlates with
colorectal cancer tumorigenesis. Furthermore, the results
from the nano-LC-MS analysis also revealed discrepancies
between proteomic and transcriptome trends within patient-
derived human colorectal tumor. This is illustrated by results
from the nano-LC-MS experiment revealing down-regulation
of proteins such as PMS2, MSH3, MLH1, and RPL22 in
colorectal cancer cells which were not observed from previ-
ous transcriptomic studies [47]. Thus, not only did the study
demonstrate the bio-variability between individuals, but it
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Characterization of Organoids through Biomarkers
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also emphasized the importance of using proteomic profil-
ing in addition to transcriptomic analysis in personalized
medicine studies using patient-derived organoids. It is note-
worthy that organoid proteomics is far more underway than
organoid metabolomics (see Species-specific enhancement of
enterohemorrhagic E. coli pathogenesis mediated by micro-
biome metabolites for an example of the latter [48]). We be-
lieve that a key reason may be that metabolomics (in addition
to being less established than proteomics in general) is al-
most always performed with conventional LC-MS systems,
which is limited regarding small samples. Could smaller sys-
tems be used for organoid metabolomics? Perhaps, consider-
ing that small-scale LC metabolomics has success in recent
small-sample applications [49, 50].

However, we predict a need for even more sensitive ana-
Iytical techniques than “regular” nano-LC. As with the larger
i.d. systems, regular nano-LC columns are typically packed
with porous particles that feature a hydrophobic stationary
phase. As a result of technological development, the particles
used today are around 2 pm in size, as opposed to 3-5 pm
about 10-15 years ago. Smaller particles are associated with
improved chromatography, but generate high back-pressures
that require dedicated solvent delivery pumps. In addition,
when particles are too small, frictional heating effects and par-

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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ticle stability can become factors. Therefore, particle-based
columns are somewhat of a bottleneck for small-sample anal-
ysis, e.g. place limits on how narrow a separation column
can be. An alternative to packed columns may be using open
tubular LC (OTLC). OTLC columns, which are significantly
smaller in scale compared to nano-LC are quite rarely used.
An OTLC column is between 5 and 10 pm i.d., and oper-
ates at pL-low nL/min flow rates. This makes OTLC highly
demanding to operate, but benefits include excellent chro-
matography and sensitivity. For example, Vehus et al. were
able to detect attogram-scale amounts of metabolites using a
10 pm i.d. OTLC column, which were about two orders better
compared to other reports with larger columns. The authors
also showed that OTLC columns are versatile, with the same
column performing well for bottom-up as well as top-down
analysis of proteins. OTLC columns are also highly suited for
coupling with online sample preparation, e.g. SPE for remov-
ing salts and other potential contaminations, and immobi-
lized enzyme reactors for more automated proteomics [51].
In other words, OTLC is a potential candidate for coupling
with organoid-related analysis, butis very far from being con-
sidered a routine tool.

Other open tubular options include CE. CE has long
been known for its excellent separation properties. It is also
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commonly associated with chip-based systems [52, 53]. Al-
though CE in many instances out-competed LC in terms of
separation capabilities, the latter has been the tool of choice
for most bio-analysts. A key reason may be that LC is compat-
ible with ESI-MS, while the electrolyte solutions of CE have
been far more difficult to couple with MS detection. However,
CE-ESI-MS can prove highly sensitive analysis. In addition,
it has been shown that CE-ESI-MS has excellent potential
for analysis of intact proteins [54, 55], fulfilling a prediction
by James Jorgenson in his pioneering work in developing
CE. Considering that CE is capable of, e.g. drug analysis [56],
metabolomics [57], proteomics [58], and is “chip-ready”, CE
could very well be a natural partner in organoid analysis.

4 On-chip technology: challenges and
opportunities for online MS analysis

Major advantages of microfluidic devices include automat-
able manipulation and on-line or “on chip” analysis (see

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 2. (A) EVATAR, a microfluidic cul-
Te ture model of the human reproductive
tract. Images are from ref.64; see also
ref.65. (B) Reconstitution of the human
blood brain barrier, in an organ chip
microfluidic device. Photograph (left),
schematic illustration (middle), and
immunofluourescence micrographs are
from “Hypoxia-enhanced Blood-Brain
Barrier Chip recapitulates human barrier
function, drug penetration, and antibody
shuttling properties” [66]. Preproduced
with permission from the authors
(the copyright holders of this BiorXiv
preprint). (C) Top: Microfluidic device
of a four-organ system representing
the excretory system, which includes
intestine (1), liver (2), skin (3), and kidney
(4) tissue. Bottom: Horizontal view of the
chip displaying three points of measure-
ment (A, B, and C) in the surrogate blood
circuit and two points of measurement
(D, E) in the excretory circuit. Images
are from “A four-organ-chip for intercon-
nected long-term co-culture of human
intestine, liver, skin and kidney equiva-
lents” [67]; Reproduced by permission
of The Royal Society of Chemistry. (D)
Organ-on-CHIP containing co-culture of
gastric intestinal tract epithelium and
3D primary liver tissue Images are from
“Modular, pumpless body-on-a-chip
platform for the co-culture of Gl tract
epithelium and 3D primary liver tissue”
[68]; Reproduced by permission of The
Royal Society of Chemistry.

Fig. 2). On-line is a highly familiar term to analysts and sep-
aration scientists, as well as the associated pro’s and con’s.
Advantages of online action can include rapid and precise
analysis, with reduced chances of outside contaminations.
Disadvantages can include decreased flexibility, poor robust-
ness due to clogging and incompatibility of solvents when two
or more fluidic systems are to be hyphenated [59]. It is there-
fore possible that all these traits will be present when organ-
on-a-chip and nano-LC-MS are to be coupled on-line. For ex-
ample, the organ-on-a-chip will typically have an oxygenated
medium consisting of, e.g. salts and serum, components that
can cause interferences in LC-MS. Therefore, a modulation
system for bridging the OoC system to the nano-LC-MS sys-
tem can be necessary. A system by Elisabeth Verpoorte and
co-workers for drug metabolism studies of liver slices will be
a likely template (Figure 3) [60]. Here, a medium fraction is
sent to one storage loop, while a previously “looped” fraction
is sent to an LC-UV system for measuring metabolites. Such
a modulation system allows for two solvent systems to oper-
ate simultaneously without a large degree of mixing. These
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Preproduced with permission from
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metabolism and inhibition studies
in precision-cut liver slices” [60].
Copyright (2019) American chemi-
cal society.

- 4.5 kV

Time, min

B
B : a) b c
| H E T D9
| | |
= B ' il |
E £ | 1 |
&M= | I I
SLm 2 | | I
25 pm thick 2 | | 1z 310 . AT-2(0H
E 10. ‘.Lll\l ;’ 2{OH)
£ | |
® | | | [' miz 294, AT-OH
= | | 1| ™ e
- | | Y miz 278, AT
£ s | 1 r
= b | e
§' MS entrance | | W
3 T I T ‘ T l I Ll I Ll I Ll
< 0 5 10 15 20 25 30 35 40

Figure 4. System for the online monitoring of microsome drug metabolism-MS directly with on-chip electromembrane extraction. Image
from “On-chip electromembrane extraction for monitoring drug metabolism in real time by ESI-MS” [63]. Reproduced by permission of

The Royal Society of Chemistry.

systems remind of 2D LC systems. The described system
should be well suited for miniaturization to narrow columns
and for MS detection. In addition, more variants can be
tested, for example replacing the loops with SPE columns for
even more selective handling [61].

However, both the loop and SPE variant may be prone to
clogging and perturbing from media proteins, e.g. a relatively
high concentration of albumin. Therefore, alternatives to the
2-stage chromatography approaches systems can be inves-
tigated. One option is online electromembrane extraction
(EME) systems. Fundamentally, EME can be considered as
electrophoresis across an oil membrane, and there has been

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

considerable interest for this concept in recent years [62].
Figure 4A exemplifies the potential, where EME was used
in combination with ESI-MS for continuous and on-line
monitoring of microsome drug metabolism [63]. In-vitro
metabolism of drug substances was performed in a small
temperature-controlled metabolism chamber, open to air
and located on a microchip for EME. During the metabolic
reaction, reaction mixture was continuously perfused at
20 pL/min into the microchip. Inside the EME microchip,
the reaction mixture was in contact with a supported liquid
membrane (SLM), comprised of 0.2 pL of 2-nitrophenyl octyl
ether immobilized in the pore of a porous membrane of
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polypropylene (25 pm thickness). On the other side of the
SLM, 100 mM formic acid was pumped continuously with a
flow rate of 20 pL/min. This liquid served as acceptor phase.
A DC electrical potential was applied across the SLM using
small platinum wires in reaction mixture and acceptor phase,
and these were connected to an external power supply. By
application of 15V, parent drug substance and metabolites in
the reaction mixture were prone to electro-kinetic migration,
and were extracted across the SLM and into the acceptor
phase. The acceptor phase was pumped continuously into
the mass spectrometer, and by such the concentration of
parent drug and metabolites were monitored unremittingly
as shown in Figure 4B. Buffer components, enzymes, pro-
teins, and other species from the rat liver microsomes used
in the reaction mixture were effectively discriminated by
the lipophilic SLM, and these matrix components were not
introduced into the mass spectrometer. Thus, contamination
of the mass spectrometer and serious ion suppression was
avoided. We Dbelieve that the online EME concept, which
has been demonstrated with microsomes and metabolism
studies, can be transferred to organoid analysis as well.

5 Concluding remarks

Organoids and organ-on-a-chip systems are predicted to be
the key tools in drug discovery and disease modeling in the
upcoming years. The limited amounts of sample and on-line
features, along with the need for versatile and comprehensive
analysis, points to a natural partnership with mass spectrom-
etry and separation science (especially miniaturized systems).
Various omics approaches are already being undertaken off-
line, but there are especially many opportunities for online
coupling. Online organ-on-a-chip MS will be most straight-
forward for small molecules, e.g. drugs and metabolites. On-
line proteomics will be more challenging, as protein cleavage
to MS-detectable peptides must likely be done in reactors. Im-
mobilized enzyme reactors are indeed available, but are far
from becoming routine and robust tools for high throughput
organoid analysis.

Finally, we would like to comment on how the output of
complete organoid/analysis systems will be handled. Another
way in which organ-on-a-chip is distinguished from standard
life science experiments is much of the experiment is defined
in digital form. For example, chip design is typically defined
in CAD files that are sent to 3D printers. Similarly, both on
board and offline sensors process signals to record informa-
tion in digital format. This provides exciting opportunities in
how data can be utilized in the organ-on-a-chip universe. In
standard life science experiments, data analysis is performed
after an experiment has been completed and the processed
results are then used to answer a specific scientific question.
In the organ-on-a-chip universe, the data encompasses the
entire process, from component and experimental design to
raw sensor data and processed experimental results. If data
can be integrated through introduction of well-defined stan-
dards, it becomes feasible to consider artificial intelligence

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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approaches that allow data to be used in a feedback process. In
such an approach data could be used to iteratively introduce
design modifications (for example, changes to chip profiles
or sensor/chip/cell combinations) that leads to optimised de-
signs for specific purposes.
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This fundamental work investigated the removal of sodium dodecyl sulfate (SDS) from highly concen-
trated samples by electromembrane extraction (EME). SDS concentrations were in the range of 0.1-1.0%
w/v, covering both sub- and super-critical micellar concentrations (CMC). Under optimal conditions, we
extracted SDS from 100 pL aqueous sample, through 3 plL supported liquid membrane (SLM) and into
200 pL 10 mM NaOH in water as waste solution. The SLM comprised 1.0% w/w Aliquat 336 in 1-nonanol,
and extraction voltage was 5 V. From 0.1% SDS samples, EME removed 100% during 30 minutes operation
(100% clearance). SDS concentration above the critical micellar concentration (CMC) challenged the
capacity of the system. Thus, to reach 100% clearance from 0.5% samples, we extracted for 120 minutes
and replenished the SLM after 60 minutes. Increasing the membrane area of the SLM from 28 mm? to
43 mm? provided 100% clearance from 0.5% samples after 30 min EME. Complete clearance of 1.0% SDS
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samples was not achieved under the tested conditions, and maximal clearance was 60%. Mass balance
experiments demonstrated that most of the removed SDS is trapped in the SLM, rather than transferring
to the waste solution. For super-CMC samples, aggregation of SDS in the SLM exceeded the SLM capacity

rsc.li/analyst and impeded further mass transfer.
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1. Introduction

Electromembrane extraction (EME) was introduced in 2006
and provided a new approach to microextraction utilizing an
electrical field as the main driving force. EME can be con-
sidered as a hybrid between liquid-phase microextraction
(LPME)* and electrophoresis and is performed in a three-
phase system with an aqueous sample (donor) solution, an
aqueous acceptor solution, and an organic solvent immobi-
lized inside the pores of a porous membrane sandwiched in
between. The latter is termed a supported liquid membrane
(SLM) and acts as a barrier between the two aqueous phases
(sample and acceptor). Electrodes are placed in the sample
and acceptor, and the electrical field is applied using an exter-
nal power supply. Charged substances of interest (target sub-
stances) thus transfer from the sample, through the SLM, and
into the acceptor by electrokinetic migration. In order to
promote electrokinetic migration, the sample and acceptor are
neutral or acidic for EME of basic substances, and the cathode
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is located in the acceptor. For EME of acidic substances, the
sample and acceptor are neutral or alkaline, and the anode is
in the acceptor. The electrical field improves extraction kine-
tics, and the operator controls the selectivity by the polarity
and magnitude of the electrical field, by the chemical compo-
sition of the SLM, and by pH. EME is compatible with complex
real samples and can provide highly purified extracts.

To date, EME has been used for the extraction of hydro-
philic drugs,® hydrophobic drugs,” acidic and basic drugs,>°
metals,”® peptides,” inorganic ions,’® contaminants in
environmental samples'' and wastewaters,'> and drugs and
drugs of abuse in whole blood," plasma'* and saliva."”” In
general, target substances have been at the trace level, corres-
ponding to ng ml™" (ref. 5 and 16-21) or low pg ml™*
concentrations.>*>> Under such conditions, the individual
phases of the EME system are far from saturation.

Recent work reported on EME of propranolol and probene-
cid templates used in the synthesis of molecularly imprinted
polymers (MIPs), at the 1-1000 pg mL™"' level.*® In these
experiments, the flux of target ions (ug cm™ min~") through
the SLM was less than expected, based on the flux at lower con-
centrations and the area of the SLM. Lower mass transfer
capacity was due to saturation of the SLM and to excessive
boundary layer conditions in the donor/SLM interface.
Another research reported on EME of selected basic drugs
(haloperidol, amitriptyline, fluoxetine, and sertraline) at the
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0.5-200 pg ml™" level.”” Again, mass transfer apparently
decreased with increasing concentration levels. A third paper
reported on EME of sodium chloride, with concentrations up
to 500 mM NaCl (29 mg mL ™ *).>®

Conceptually, EME research focuses on the extraction of
target analytes from real samples and into pure buffer solu-
tion, followed by an instrumental analysis of the latter. This
mode of EME is termed extraction mode. Potentially, EME can
be used in a different way, namely to remove abundant matrix
components from real samples prior to instrumental analysis
of the latter. In this approach, termed removal mode, the accep-
tor serves as waste solution. EME in removal mode is not
common, but the literature describes the removal of salt from
micro-liter volumes of biological fluids,*® removal of phospho-
lipids from plasma samples,*® and removal of fluorescein iso-
thiocyanate (FITC) from tagged protein solutions.> Potentially,
there are many similar applications where EME in removal
mode may play a future role, including removal of surfactants
from protein solutions prior to analysis by chromatography
and mass spectrometry. However, the development of such
applications requires additional fundamental knowledge. In
particular, experiences above 1 mg mL™", where the system is
close to saturation, are important to understand.

The purpose of the current fundamental paper was to inves-
tigate EME at 1-10 mg mL™" concentrations. Attention was on
mass transfer as a function of high concentration, to develop a
better understanding of concentration limits related to EME in
removal mode. Sodium dodecyl sulfate (SDS) was chosen as a
target substance. SDS is an anionic detergent, and at the
0.02% level it has been reported to enhance mass transfer in
EME.** However, much more commonly, SDS is used with bio-
logical cell samples during cell lysis to solubilize membrane
and intracellular proteins.®" In order to promote lysis, the con-
centration of SDS added to biological cell samples is 0.5-1.0%
(5-10 mg mL™").** This high concentration is undesirable in
the final analysis due to its detrimental effects on chromato-
graphic columns and contribution to ion suppression in mass
spectrometry.®?

2. Experimental

2.1. Chemicals and solutions

Stains-All (1-ethyl-2{3-(1-ethylnaphtho[1,2-d]thiazolin-2-ylidene)-
2-methylpropenyl]-naphtha-[1,2-d]thiazolium bromide, 3,3'-
diethyl-9-methyl-4,5,4',5"-dibenzothiacarbocyanine), SDS, 2-nitro-
phenyl octyl ether (NPOE), 1-octanol, 1-nonanol, 1-decanol,
and 2-decanone were purchased from Sigma Aldrich (St Louis,
MO, USA). N,-N-Dimethyl-formamide was purchased from
Merck (Kenilworth, New Jersey, USA), Aliquat 366 was from
Cognis Corporation (Cincinnati, Ohio, USA), NaOH was from
VWR International (Radnor, PA, USA), and deionized water
was obtained from a Milli-Q water purification system
(Molsheim, France).

1.0 g of SDS was dissolved in 10 mM NaOH for the prepa-
ration of 1.0% w/v stock solution. All stock solutions were
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stored at room temperature and protected from light. Working
solutions were freshly prepared before experiments by dilution
of the stock solutions with the same solvent. Preparation of
Stains-All working solution was a 1 : 64 dilution of a stock solu-
tion, containing 2 mg mL™" Stain-All in N,-N-dimethyl-form-
amide, with deionized water. New stock solutions were pre-
pared monthly and stored in darkness at 4 °C while working
solutions were prepared daily right before measurements.

2.2. UV-spectrophotometry

Quantification of SDS was conducted on a Beckman 530 UV/
Vis Spectrophotometer (Beckman Coulter, Fullerton, CA, USA),
using a 10 x 10 mm quartz cuvette (Hellma Analytics,
Mulheim, Germany). Calibration and verification of the instru-
ment were according to the European Pharmacopeia.
Quantification of SDS involved pipetting 1 pL solution into a
quartz cuvette, preloaded with 3 mL Stains-All working solu-
tion, and measuring the absorbance at 438 nm.>*3°

2.3. Electromembrane extraction (EME)

Equipment used for EME has been described previously
(Fig. 1).*° In brief, a laboratory built stainless steel plate with
0.5 mL wells served as a compartment for the waste solutions
and as an electrode (96-well waste reservoir plate). A 96-well
MultiScreen-IP filter plate with 100 um thick polyvinylidene
fluoride (PVDF) filter membranes of 0.45 um pore size (Merck
Millipore Ltd, Carrigtwohill, Ireland) served as a compartment
for the samples (96-well filter plate) and SLMs. A laboratory
built aluminum plate with 96 rods tailor-made for the wells of
the filter plate served as the second electrode (96-electrode
plate). A model ES 0300-0.45 (Delta Elektronika BV, Zierikzee,
The Netherlands) was used as a power supply, and a Vibramax
100 Heidolph shaking board (Kellheim, Germany) was used to
agitate the entire extraction system.

EME involved the following procedure for each sample: (a)
pipetting 200 pL of 10 mM NaOH into the 96-well waste reser-
voir plate, (b) pipetting 3 pL organic solvent onto the filter
membrane of the 96-well filter plate, and (c) pipetting 100 pL
sample into the 96-well filter plate. Subsequently, we clamped
the 96-well waste reservoir plate and filter plate and placed the
96-electrode plate on top. The rod electrodes of the electrode
plate were then in contact with the samples. Finally, we con-
nected the power supply to the waste reservoir plate (anode)
and the electrode plate (cathode), and we conducted EME by
simultaneous application of voltage and agitation.

2.4 Electromembrane extraction (EME) with an extended
SLM area

EME with an extended SLM area was according to previous
work.*® In brief, a 100 um thick porous Accurel PP 1E (R/P)
polypropylene membrane (Membrana, Wuppertal, Germany)
was fastened to the wide end of a 10-1000 pL pipette tip and
sealed with a soldering iron. The total surface area of the
membrane was measured as 43 mm” A 0.5 mm hole was
drilled in the bottom of a 2 mL Eppendorf tube, and a silver
electrode (0.5 mm diameter) was inserted and fastened with

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 96-Well EME setup. (a) 96-well waste reservoir plate, (b) 96-well filter plate, (c) 96-electrode plate, and (d) all plates clamped.

superglue. 500 pL 10 mM NaOH was pipetted into the
Eppendorf tube and served as waste solution. Subsequently,
the membrane was inserted into the Eppendorf tube, with a
3 mm clearance to the waste solution. 100 pL sample solution
was pipetted on top of the membrane, and a silver electrode
was placed in contact with the sample solution. The electrodes
were connected to a power supply and the extraction setup was
agitated during extraction.

2.5. Calculations

For the calculation of SDS clearance, we used the following
equation:

Clearance = ((_nS«,Original - nS,Final)/”S,Original) X 100% (1)

Here, 15 original Was the number of moles of SDS in the orig-
inal sample prior to EME, and 7nggina Was the number of
moles of SDS left in the sample after EME.

3. Results and discussion
3.1. Operational principle

Fig. 1 illustrates the electromembrane extraction (EME) system
used in this work. The complete setup consisted of a metallic
96-well waste reservoir plate, a 96-well filter plate, a 96-elec-
trode plate, an agitator, and a power supply. The waste solu-
tion and electrode plates were laboratory-made, while the
other items were commercially available. First, we pipetted
3 uL of organic solvent to a filter in the 96-well filter plate. The
organic solvent immobilized in the pores due to capillary
forces and served as a supported liquid membrane (SLM).
Second, we pipetted 100 pL aqueous sample containing SDS
into the 96-well filter plate above the SLM. Third, we pipetted
200 pL of waste solution (water or 10 mM NaOH) to a well at a
corresponding position in the 96-well waste solution plate.

This journal is © The Royal Society of Chemistry 2020

Finally, we clamped together the three plates like a sandwich
and placed them on the agitator. We connected the power
supply with the waste solution plate and the electrode plate,
and we applied voltage and agitation simultaneously to initiate
extraction. For the extraction of SDS (negatively charged), the
waste solution plate served as the anode (+) and the electrode
plate served as the cathode (-).

3.2. Extraction under sub-critical micellar concentrations

SDS forms micelles in water at concentrations higher than
0.237%.>” In a first set of experiments, we performed EME
from samples under sub-critical micellar conditions with 0.1%
SDS (1 mg mL™") in pure water. The concentration level of SDS
was between 10® and 10° times higher than typical concen-
trations of target substances in published EME articles.>*?
From previous EME experiments, alcohols are ideal SLM sol-
vents for the extraction of negatively charged analytes.?® This
is mainly due to the hydrogen bond donor properties of alco-
hols, which promote partition of negatively charged analytes
(hydrogen bond acceptors) into the SLM. Since the SLM acts as
a barrier between the aqueous sample and the waste solution,
the solvent should be immiscible with water in order to avoid
leakage. On the other hand, log P should not exceed 5.5 in
order to facilitate partition of charged compounds into the
SLM.* Considering these factors, we tested 1-octanol,
1-nonanol, and 1-decanol for the extraction of SDS (Fig. 2).
EME with 1-octanol as the SLM gave an SDS clearance of 64%
after 10 minutes with 25 V. The higher alcohols 1-nonanol and
1-decanol were less efficient and provided 47% and 29% clear-
ance, respectively. These differences were most likely due to
differences in viscosity and polarity of the solvents, which in
turn affected SDS diffusion and partition. We tested NPOE and
2-decanone, which are common EME solvents, under similar
extraction conditions, but they were as expected less efficient
than the alcohols (data not shown). Although we observed the
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Fig. 2 SDS clearance with different SLMs. Sample solution: 100 pL 0.1%
SDS in 10 mM NaOH, waste solution: 200 pL 10 mM NaOH, SLM: 3 pL
organic solvent, extraction time: 10 min. Error bars represent standard
deviation (SD, n = 3).

highest SDS clearance with 1-octanol, we continued with
1-nonanol as the SLM due to lower solubility in water. This
improved the stability of the EME system as evidenced by
stable extraction current as monitored during EME (current
profile).

In the following experiment, we extended the extraction
time from 10 to 30 minutes with 1-nonanol as the SLM.
However, this did not improve the SDS clearance and the
system removed no more than 50% of total SDS from the
sample. Based on previous experience, the phase transfer cata-
lyst Aliquat 336 (A336) was added to the SLM.>* A336 is a lipo-
philic quaternary ammonium chloride salt that facilitates par-
tition of negatively charged compounds through ionic inter-
actions. This involves exchange of chloride ions with SDS
during transfer across the SLM. With the addition of 1.0%
(w/w) A336 to 1-nonanol, the SDS clearance reached 100%
after 30 minutes of extraction (Fig. 3). Because the electrical re-
sistance of the SLM decreased due to A336, the voltage was
lowered to 5 V to avoid excessive electrolysis and potential

® 1-nonanol

80 4 W1%A336/1-
nonanol

40 -

SDS clearance (%)

30min

10min

Fig. 3 SDS clearance without and with Aliquat 336 in the SLM. Sample
solution: 100 pyL 0.1% SDS in 10 mM NaOH, waste solution: 200 pL
10 mM NaOH, SLM: 3 pL 1-nonanol or 1.0% A336/1-nonanol, extraction
time: 10 or 30 min. Error bars represent standard deviation (SD, n = 3).
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Joule heating.*® The average current profile for each extraction
well was 40 pA after initial voltage application, followed by a
slow decrease and stabilizing at approximately 30 pA. As a rule
of thumb, current levels of 50 pA per extraction well should be
avoided.”

3.3. Extraction under super-critical micellar concentrations

In the next series of experiments, we conducted EME from 0.5
and 1.0% solutions of SDS. Now SDS was above the critical
micellar concentration (CMC). EME was conducted for
30 minutes at 5 V, with 1.0% A336 in 1-nonanol as the SLM.
Surprisingly, even though the SLM was in contact with a soap-
type sample solution, the SLM remained intact. Clearly, capil-
lary forces strongly immobilized the organic solvent in the
porous structure of the PVDF filters. This was evident from the
stable current profile throughout the extraction and visual
inspection. The EME performance was lower above the CMC,
and SDS clearance was 55% and 25% for 0.5 and 1.0% SDS,
respectively.

In the following tested different
approaches to increase SDS clearance from super-critical

experiments, we

micellar concentrations. First, we increased the A336 concen-
tration from 1.0 and up to 10% (w/w). The resistance decreased
with increasing concentration of A336, and therefore voltage
was decreased to 1-2 V. Similar current profiles measured with
1.0% A336 in the SLM were achieved. Interestingly, clearance
was almost unaffected by the increased level of A336. Thus,
while mass transfer increased significantly up to 1.0% of A336,
there was no major gain above this level. Second, we replaced
the waste solution after 15 minutes, but SDS clearance
remained unaffected. Third, we tested replenishment of the
SLM after 15 minutes, and this gave some improvement of SDS
clearance. Finally, we increased the extraction time to
120 minutes with replenishment of the SLM after 60 minutes,
and this provided 100% SDS clearance from 0.5% samples.
When the same conditions were applied to 1.0% SDS, the
clearance was 60%. With 0.5 and 1.0% samples, the appear-
ance of the SLM changed from transparent to cloudy white
during the extraction. This cloudiness was more prevalent at
higher concentrations of A366 in the SLM, and it was absent
when we used pure 1-nonanol as the SLM.

3.4. Mass balance considerations

To understand the observations above, we performed a set of
mass balance experiments. Both the sample and the waste
solution were analyzed after extraction and based on mass
balance the content of SDS trapped in the SLM was calculated.
As shown in Table 1, we detected no SDS in 0.1% (~1 mg
mL™") samples after 30 minutes of EME. This confirmed 100%
clearance as discussed above. Surprisingly, we detected no SDS
in the waste solution. Thus, the total amount of SDS (= 0.1 mg)
was trapped in the SLM. Since the volume of the SLM was
3 uL, the final SDS concentration in the SLM was 33 mg mL ™.
In the following experiment, we conducted EME from 0.5%
samples (~5 mg mL™"). With this experiment, we exceeded the
capacity of the system, and SDS clearance decreased to 55%.

This journal is © The Royal Society of Chemistry 2020



Published on 16 May 2020. Downloaded by Universitetet I Oslo on 7/28/2020 8:59:02 AM.

View Article Online

Analyst Paper
Table 1 Distribution of SDS after 3-phase EME

With voltage Without voltage
SDS concentration 0.1% 0.5% 1.0% 0.1% 0.5% 1.0%
Sample <0.01% 45% 71% 50% 73% 81%
SLM 99.99% 47% 23% 50% 27% 19%
Waste solution <0.01% 8% 5% <0.01% <0.01% <0.01%

SDS content in the SLM is calculated by measurements performed on donor and waste solution after EME. SLM: 100% - donor concentration
(%) - acceptor concentration (%). Sample: 100 pL SDS in 10 mM NaOH, SLM: 3 pL 1% A336/1-nonanol, waste solution: 200 pL 10 mM NaOH,

and extraction time: 30 min (n = 3).

Consequently, 45% of total SDS (total SDS = 0.5 mg) remained
in the sample after extraction. With 0.5% samples, we detected
8% of the total SDS in the waste solution. Based on mass
balance calculation, the SLM trapped 47% of total SDS. From
1.0% samples (total SDS = 1.0 mg), 71% of total SDS was left
in the sample, 5% was detected in the waste solution, and
24% was trapped in the SLM. With both 0.5 and 1.0%
samples, the SDS concentration in the SLM increased up to
80 mg mL ™", and SDS concentration was about 0.5 mg mL™" in
the waste solution. The data with 0.5 and 1.0% samples were
thus consistent.

The solubility of SDS in aqueous solution is more than
200 mg mL™",** and therefore we initially considered aqueous
10 mM NaOH as an appropriate waste solution. However, we
performed a simple liquid-liquid extraction experiment, with
SDS in water as the aqueous phase and 1-nonanol with 1.0%
A336 as the organic phase, and this demonstrated very high
partition into the organic phase (partition coefficient higher
than 1000). This is in accordance with the literature.”® Thus,
due to strong partition into the SLM, SDS transferred rapidly
into the SLM, but for the same reason, transfer into the waste
solution was strongly limited.

Due to the strong partition into the SLM, we repeated the
mass balance experiment above without voltage (0 V). With all
SDS concentrations, the SDS clearance was lower without
voltage. Interestingly, without voltage, we were unable to detect
SDS in the waste solution. This confirmed that the electrical
field influenced the SDS partition.

3.5. Experiences with two-phase EME

Because transfer from the SLM to waste solution limited clear-
ance capacity, we investigated a two-phase EME system in a
separate set of experiments. We conducted EME from 1.0%
and 0.5% SDS samples for 30 minutes, with 1-nonanol + 1.0%
A336 serving both as the SLM and as the waste solution. The
total volume of the organic phase was 275 pL. The electrical re-
sistance was higher in the two-phase system, and therefore we
increased the voltage to 30 V. This provided a current level of
40 pA per well, which was similar to that reported by experi-
ments discussed in previous sections. Table 2 summarizes the
experimental results. From 0.5% samples, SDS clearance was
75%, while the value decreased to 10% for 1.0% SDS samples.
Conducting the same experiments with a closed circuit and
0 V, to evaluate contribution from pure diffusion, provided

This journal is © The Royal Society of Chemistry 2020

Table 2 Distribution of SDS after 2-phase EME

With voltage Without voltage
SDS concentration 0.5% 1.0% 0.5% 1.0%
Sample 25% 90% 51% 75%
SLM/waste solution 75% 10% 49% 25%

SDS content in the SLM is calculated by measurements performed on
donor and waste solution after EME. SLM: 100% - donor
concentration (%) — acceptor concentration (%). Sample: 100 pL SDS in
10 mM NaOH, SLM: 3 puL % A336/1-nonanol, waste solution: 275 pL
1% A336/1-nonanol, and extraction time: 30 min (n = 3).

slightly better results for the 1.0% SDS sample (25% clearance)
while worse for the 0.5% sample (49% clearance).

Considering the high solubility of SDS in 1.0% A336/
1-nonanol, the poor clearance both with and without voltage
was surprising. However, due to the relatively large volume
of organic solvents in the system, the electrical field (V
em™") in the organic phase was less than that in the 3-phase
system. This probably reduced the electrokinetic transport of
SDS into the organic phase. Furthermore, the fraction of
organic solvents immobilized in the filter was stagnant
during extraction and this seriously limited mass transfer.
Thus, the mass transfer capacity of the SLM was the main
bottleneck when the system was applied at high concen-
trations of SDS.

3.6. Experiences with an extended SLM area

In order to evaluate the SDS clearance as a function of SLM
surface area, we conducted a new set of experiments with a
modified EME setup. This provided an SLM area of 43 ¢cm?, as
compared to 28 cm?® in the previous experiments. The mem-
brane was made of polypropylene, which together with polyvi-
nylidene difluoride are the most common membranes in EME.
The polypropylene membrane was attached to the head of a
pipette tip and functioned as a SLM and reservoir for the
sample solution as described in the Experimental section.
With the increase in the surface area, 10 pL organic solvent
was immobilized within the pores of the SLM. As expected,
with the increased SLM area, the SDS clearance increased.
With 10 pL 10% A336/1-nonanol as the SLM, a voltage of 1V,
and 30 min extraction, no SDS was detected in the 0.5% SDS
samples after EME. Thus, the system completely removed
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Fig. 4 SDS clearance as a function of extraction time. (a) SDS clearance with voltage and (b) SDS clearance without voltage. Sample: 100 pL 0.1,
0.5, 1.0% SDS in 10 mM NaOH, waste solution: 200 pL NaOH, SLM: 3 pL 1.0% A336/1-nonanol, voltage: 5 V. RSD (n = 3) < 15% for all time

measurements.

0.5% SDS. With 1.0% SDS, clearance was now increased
to 46%.

3.7. Impact of the electrical field

To assess the impact of the electrical field on the SDS clear-
ance, we conducted a final set of time experiments with and
without voltage. The extraction conditions were similar to the
ones used in section 3.4. The results are presented in Fig. 4.
Both with and without voltage, SDS mass transfer was fast the
first 5-10 minutes, and SDS clearance increased until 30 min
and then leveled off. Thus, extending the extraction time to
60 min gave only negligible gain in SDS clearance. A compari-
son of data showed that kinetics was more or less unaffected
by the electrical field. This is consistent with the hypothesis
above that the limit of the system is the SLM capacity.
However, with voltage, the clearance was significantly higher
than that without voltage. This supports the fact that partition
of SDS into the SLM is favored by the electrical field. Clearly,
even at very high concentrations, where the extraction system
was close to saturation, there are still important benefits from
application of voltage across the SLM.

4. Conclusion

The present work has for the first time demonstrated removal
of sodium dodecylsulfate (SDS) using electromembrane extrac-
tion (EME). Highly concentrated samples of 0.1-1.0% SDS rep-
resented both sub- and super-critical micellar concentrations.
Complete SDS removal was achieved for 0.1% SDS samples
using 1.0% of the ionic phase transfer catalyst Aliquat 336 in
1-nonanol as the supported liquid membrane (SLM). Complete
removal of SDS from 0.5 and 1.0% samples proved more chal-
lenging, and mass transfer suffered from accumulation of SDS
within the SLM. Replenishment of the SLM or increasing the
surface area circumvented some of these issues and complete
removal was achieved for 0.5% SDS samples.

4962 | Analyst, 2020, 145, 4957-4963

Based on the experiences from this work, EME removal of
SDS shows potential. However, due to complexity, and to
obtain a full understanding of fundamentals, we currently con-
ducted experiments with pure solutions of SDS only.
Therefore, forthcoming research should test the concept with
real protein samples (biological samples), to evaluate perform-
ance under the influence of a complex biological matrix, and
to study the behavior of target proteins. The experiences from
this work have also improved upon the understanding of EME
at very high concentration levels. Under such conditions, the
benefit of the electrical field and electro-kinetic migration is
less, compared with similar systems operated purely by
diffusion. Similar observations are reported for a few other
model compounds in the literature, and may be inherently
connected with EME.
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Abstract

Quantitative chemometric imaging tools for validating the composition, functional maturity, disease
progression and response to therapeutic interventions are of significant interest in the rapidly
expanding organoid arena. Raman spectral imaging (RSI) allows high-content, label-free detection of
tell-tale biomolecules, but requires reliable quantification of deconvoluted spectra to unfold its full
potential. Herein, we first develop an integrated bioanalytical methodology, gRamanomics, to qualify
RSI as a tool for quantitative chemotyping by abundance and distribution of major classes of
biomolecules. Next, we apply gRamanomics to 3D liver organoids to assess specimen variation,
chemometric distribution, and maturity. We then demonstrate the utility of qRamanomics for
identifying biomolecular response signatures from a panel of liver altering drugs, probing drug-
induced compositional changes in 3D liver organoids followed by in situ monitoring of drug
metabolism/accumulation. gRamanomics comprises an important step in expanding RSI technology
towards quantitative label-free interrogation of 3D biological specimens.



Introduction

There is a significant need for development of reliable human organ representations (termed
organoids) that provide bio-relevant model systems with foreseeable utility in drug discovery and
disease modelling. Induced pluripotent stem cell (iPSC) technology enables in vitro development of
human organoids that show features of the organs they represent. However, most current organoids
lack the structure and functional maturity of their human counterparts and show significant intra- and
inter-batch variations. Hence, there is a need for advancing supervised organoid characterization,
including their response to therapeutic interventions, by applying high-content and high-resolution
imaging tools?.

Confocal Raman spectral imaging (RSI), measuring predominantly the vibrational modes of molecules,
can enable high content label-free visualization of a wide span of molecules in biological specimen
without sample preparation. This phenomenon may be exploited in fixed and living tissues as the
emitted spectral information is reported to remain consistent?. Recently, RSI has been successfully
applied for assessing cell differentiation®™, and for quantitative characterization of tissue-engineered
and native cartilage and bone®®. Furthermore, the utility of RSI was demonstrated through direct
measurements of drugs and drug metabolites, with sub-cellular resolution, in selected cell lines
including cancer cells (BaF3/BCR-ABL1, SK-BR-3, NCI-H1975, Calu-3) and macrophages (raw 264.7)%2,
Despite this progress, the full potential of biospecimen analysis by RSl is hindered by a modest
sensitivity and demanding unmixing of signals derived from complex biological matrices. In addition,
reliable quantification has been challenging. As a significant step to address these challenges,
guantitative volumetric Raman imaging (qVRI) was previously developed for analysis of individual
mesenchymal stem cells in 3D biomaterials®® offering volumetric insight into the size of subcellular
features without, however, providing information of local concentrations of biomolecules. The role of
localized concentrations and biomolecular density at the single-cell and subcellular levels is gaining
attention as a relevant phenotypic parameter important to cell-type specific functions**°,
Quantitation at the single-cell level remains a topic of debate throughout the Raman community due

to the absence of reliable calibration standards and standardized preprocessing algorithms17,

Building on the work of Lalone et al.'® and Kuzmin, Pliss and Prasad!® we herein present the
development of a robust calibrated bioanalytical platform for quantitative chemometric phenotyping
by confocal RSI of biological specimen ranging from single cells to complex 3D organoids. The
methodology, termed quantitative Ramanomics (qRamanomics), allows direct structural and
guantitative compositional characterization of biological specimens in absolute biochemical
measurements with nanoscale spatial resolution?°. We apply gRamanomics to iPSC-derived 3D hepatic
organoids, benchmarked to primary human hepatocyte spheroids, with the goal of interrogating their
state of maturation, response to drug challenges and drug metabolism. Our work addresses a
currently unmet analytical need and paves the way for further advances in supervised organoid
development and tracking.



Results

Quantitative chemometric phenotyping of distribution, abundance, and co-localization of all major
class of biomolecules in 3D biospecimens - qRamanomics.

To develop a strategy for quantitative chemometric unmixing of Raman spectra from organoids, we
designed a 3D tissue phantom calibration technology which enables direct simultaneous
measurement of absolute local concentrations of the most abundant biomolecular components and
sequestered xenobiotics.

First, a spectral pre-processing algorithm to normalize and correct for liquid water signal was
developed and employed to prepare all Raman data presented in this studying in a robust and
repeatable manner (Fig. 1a). Employing the OH stretch band in Raman spectra of liquid water (3,400
cm™)?, all analyte Raman signals were normalized relative to the aqueous matrix, thereby accounting
and correcting for singularities of each data voxel. The underlying assumption was that the water
content remains constant within the excitation voxel sampling volume (~5 femtolitres) across linear
guantitation ranges of biomolecule concentration. However, when an analyte concentration exceeds
aqueous solubility, phase separation may occur and, in this case, the quantitative accuracy of the
model becomes difficult to verify with this current iteration of calibration technology. Nevertheless,
measurements beyond the upper range of biomolecule calibration standard phantoms are presented
under the assumption that linearity remains constant.

Next, common biomolecular components of eukaryotic cells were formulated as single-component
and multi-component tissue phantoms containing a range of concentrations of proteins (10-300
mg/mL), saturated (5-80 mg/mL) and monounsaturated (5-50 mg/mL) lipids, DNA (10-60 mg/mL), and
glycogen (10-100 mg/mL) in PBS to represent 3D tissue phantoms. The poor solubility of lipids in
aqueous media was resolved by employing formulated saturated (DPPC) and monounsaturated
(POPC) synthetic high-density lipoprotein nanodiscs (sHDLs) of ~10 nm particle diameter as previously
described®®, The nanoscale particle size distribution of DPPC and POPC sHDLs was comparable to
albumin and substantially smaller than conventional tissue phantom intra-lipid emulsions as revealed
by dynamic light scattering (DLS). This allowed dissolution of lipids up to 80 mg/mL and facilitated
miscibility with other biomolecules at varying concentrations in PBS (Fig. 1b)?2. 3D phantoms were
subsequently analysed in z-dimension to assess the depth-dependant depletion of scattered Raman
signals and served as quantitative calibration standards for Raman cytometry.

Analysis of the 3D tissue phantoms was carried out using the state-of-the-art confocal Raman chemical
imaging system (WITec, Ulm, Germany, Model alpha300RA) in reflected analysis mode, whereby an
excitation laser scans the specimen of interest from above and scattered Raman signals are emitted
and acquired back through the same objective lens (Fig. 1c). This approach enabled calibration imaging
datasets elucidating sample homogeneity and signal interference profiles as a function of 3D imaging
depth. The signal-to-noise ratio (SNR) was calculated as a function of depth across various
concentrations and compositions of tissue phantoms. The calibration was repeated across
concentration ranges for protein, DPPC, POPC, DNA, and glycogen. Pre-processed spectra yielded
linear relationships across relevant ranges of concentrations. To estimate normalized Raman intensity
per mg/mL, unit-scaled reference spectra were generated from linear relationships of pre-processed
spectra across bio-relevant concentration ranges (Fig. 1d). The complete unit-scaled reference



spectral model accurately identified and deconvoluted single-component tissue phantom data with
minimal errors using linear combination modelling approaches. Bayesian model fitting enabled
accuracy and precision confidence assessments across measured concentration ranges (Fig. 1e and
Extended Data Fig. 1a) and specificity in complex multi-component mixtures for model validation (Fig.
1f and Extended Data Fig. 1b). The two most important sources of potential error in this calibration
system were the accuracy of actual concentrations in the calibration standards (i.e., “ground truth”)
and misfitting errors associated with statistical unmixing of preprocessed Raman spectra. Regardless,
the fundamental linear theory presented herein establishes a robust framework for quantitative
analysis of 3D biospecimens.

Quantitative high-content assessment of 3D liver biospecimens by gRamanomics.

To demonstrate the potential of gRamanomics, primary human hepatocyte spheroids (3D PHH) and
iPSC-derived hepatocyte-like cell containing organoids (3D iHLC) were generated using modified
differentiation protocols to ensure functional maturation (Fig. 2a). 3D Raman hyperspectral image
datasets were acquired from both models via continuous scanning of laser voxel in raster pattern
across a series of image planes in a z-stack achieving optimal possible spatial resolution of ~500 nm in
x-y and ~1 um in z-plane. The depth of reliable data acquisition was limited to 50 um to ensure
adequate SNR for accurate spectral unmixing and quantification. This approach allowed reliable
acquisition of high-content Raman hyperspectral datasets with nanoscale spatial resolution (Fig. 2b).
The complete specimen dataset presented in this work was pre-processed as described above (up to
30,000 spectra per specimen). Endmember spectra were identified and classified as “pure”
component signals and identities were assigned according to typical biomolecule signatures, apart
from nucleic acids (N.A.) as these compounds nearly always associate with various proteins (histones,
ribosomes, etc.) within typical eukaryotic cells (Fig. 2c). All endmember reference spectra were unit-
scaled according to the calibration model (Fig. 2d) and used to translate the specimen spectral data
into local concentration measurements of proteins, lipids (saturated, monounsaturated, unsaturated),
nucleic acids, glycogen, and cytochrome c (cyt c). The cyt c signal was included in the quantitative
model by dissolving 100 pug/mL cytochrome c in PBS to elucidate the concentration-dependent signal
intensity (a.u. per pg/mL). The quantitative data set was subsequently combined into a 3D
representation showing the spatial distribution and relation of each component (Fig. 2e). Adjusting
the acquisition spatial resolution and voxel dwell time (spectral integration time) enabled SNR
improvement and resolution of intracellular features such as nuclei, organelles, and lipid droplets (Fig.
2f).

We next employed the gRamanomics methodology for high-content quantitative comparison of 3D
PHH and 3D iHLC specimens to determine quantitative and qualitative differences between both. 3D
PHHs were created by standardized hepatocyte aggregation?®. 3D iHLC were generated as highly
reproducible 3D structures with significant metabolic maturity?® (Extended Data Fig. 2a-c). 3D iHLC
faithfully expressed hepatocyte-specific markers (Fig. 3a, c) and produced albumin at comparable
levels as 3D PHH (n = 3) while the concentration of urea remained ~50 % lower than in 3D PHH cultures
(Fig. 3d). A comprehensive proteomics analysis confirmed that 3D iHLC closely resembled 3D PHH (Fig.
3b and Extended Data Fig. 2e,f) and demonstrated the presence of most phase | enzymes, as well as
phase Il enzymes and transporters (Fig. 3b). 3D iHLC exhibit CYP3A4 and CYP1A2 enzymatic activity,
albeit at a level lower than in PHH spheroids (Fig. 3e). Hence, our differentiation protocol allowed



generation of 3D hepatic representations suitable for the testing of gqRamanomics as a benchmarking
tool.

For comparing of 3D iHLC and 3D PHH by gRamanomics a total of >130 hyperspectral images were
pre-processed and deconvoluted to quantitatively map density distribution of biomolecules in 3D (Fig.
3f). Despite variance in spheroid-to-spheroid size (Extended Data Fig. 2e, %CV from 63 to 82% for
iHLC, from 64% to 90% for PHH, depending on iPSC line and donor correspondingly), distribution of
measurements remained consistent within each group and revealed statistically significant tell-tale
differences between 3D PHHs and 3D iHLCs (Fig. 3g, Extended Data Fig.3.), allowing chemometric
benchmarking of heterogeneity and maturation markers at a sub-cellular level.

Spatial correlation chemometric heat maps provided a derivative measurement of a 3D specimen’s
composition and allowed a deeper understanding of molecular content distribution (Fig. 3h)*2°,
Generated chemometric scatter plots show total lipid, glycogen, and cyt c levels plotted against the
local protein content, the conventional standard for normalization in traditional bulk biochemical
assays (Fig. 3i). Furthermore, the scatter plots visualized the chemometric phenotype and
homogeneity therein of iHLC as compared to PHH, providing data-rich, label-free, direct
characterization of 3D tissue representations with foreseeable utility as a quality control tool.

In summary, gRamanomics revealed similar patterns of glycogen accumulation between 3D iHLC and
3D PHH, an important hallmark of hepatocytes functionality and essential for the maintenance of
glucose homeostasis. No significant differences were observed in total lipid content. Remarkably,
gRamanomics identified similar levels of cyt ¢, the mitochondrial respiratory chain heme protein in 3D
PHHs and iHLCs, indicating a substantial maturity of the iHLC generated with our protocol. Proteomics
confirmed presence of citric cycle enzymes and mitochondrial respiratory chain components in 3D
iHLC (Extended Data Fig. 2d). Oxidative phosphorylation is characteristic for metabolism of
differentiated and adult cells, while fetal and stem cells mostly rely on glycolytic metabolism?%°2,
However, gRamanomics revealed lower protein concentration, a marker for functional activity, per
iHLC organoids as compared to the benchmark PHH spheroids. Lower protein concentrations were

subsequently confirmed by UV-spectroscopy and proteomics (Fig. 3b).

gRamanomics reveals compositional phenotypic changes in 3D liver representations in response to
drug exposure.

Next, we applied the platform for quantitative chemometric phenotyping of 3D PHHs and 3D iHLCs
upon exposure to a panel of drugs with reported impact on hepatocytes. Hitherto, coherent anti-
Stokes Raman spectroscopy (CARS) has only been used for quasi-quantitative imaging drug-induced
lipid accumulation in the mouse liver?’.

3D PHHs and 3D iHLCs were exposed to 10 uM amiodarone, nilotinib, fluticasone-propionate,
ketoconazole, neratinib, and methadone for 48 h prior to analysis. gRamanomics elucidated drug-
specific compositional changes induced in 3D PHH and 3D iHLC (Fig. 4, Extended Data Fig. 4 and
Extended Data Fig. 5, correspondingly). We faithfully observed a drug-specific modulation of lipid
content in all treatment groups, with marked increases in the amiodarone- and nilotinib-treated
groups®?° (Fig. 4b). Moreover, elevated levels of glycogen, as well as changes in cyt ¢ levels (Fig.4b)
and its co-localization with DNA, proteins, and lipids were seen in drug-treated groups (Fig.4a). Hepatic



carbohydrate metabolism, including glycogen accumulation is reported to be impaired by pathological
processes and xenobiotic exposure*°, Hence, qRamanomics offers a powerful tool for the further
studying of drug/disease-induced changes in hepatic carbohydrate metabolism. Except level of
glycogen accumulation (lower in 3D iHLC as compared to 3D PHH) drug-induced changes in both liver
models were similar, suggesting drug responses in iHLCs closely mimicked those in PHHs.

We next analysed in more detail the alterations after exposure to 10 uM amiodarone - a commonly
used model hepatotoxic drug®® leading to microvesicular steatosis and phospholipidosis®”8 (Extended
Data Fig. 6d-e). Accordingly, quantitative 3D chemical maps illustrated changes of monounsaturated
lipids in the amiodarone-treated 3D PHH and 3D iHLCs (Fig. 4c,d, Extended Data Fig. 5a) with
consistent increase of lipid-containing voxel frequency. Among all tested drugs, amiodarone
treatment induced the most significant changes in glycogen (increase) and cyt ¢ concentrations
(decrease) (Fig. 4e). Decrease in cyt ¢ content may be a consequence of previously described
amiodarone-induced mitochondrial toxicity and an inhibition of the mitochondrial respiratory chain®.
To the best of our knowledge, amiodarone-induced glycogenosis has not yet been reported.
Significantly elevated glycogen and decreased cyt ¢ were also observed in 3D PHHs treated with
ketoconazole. gRamanomics results were confirmed by measuring a decrease in ATP content and
albumin production in 3D PHHs and iHLCs (Extended Data Fig. 6b,c). While the mechanistic link
between drug induced toxicity and intracellular drug-lipid accumulation, as well as glycogen
accumulation, is not currently well understood, gRamanomics is well-suited as a bioanalytical tool to
further explore drug induced quantitative chemometric alterations in unprecedented resolution.

In situ detection of xenobiotic deposits.

Beyond biomolecular phenotyping upon drug exposure, gRamanomics enables direct measurement
of contextual drug and metabolite accumulation within cells. Unique molecular vibrations arising from
xenobiotics can be set in context with the above deconvoluted and quantifiable biomolecule spectra.
Herein we report the first spectroscopic evidence of xenobiotic deposits of amiodarone and
fluticasone detectable by RSI within the 3D biospecimens along with evidence of nilotinib and
neratinib accumulation (Fig. 5a-d) while no deposits were detected in the ketoconazole or methadone
treatment groups (Extended Data Fig. 4, Extended Data Fig. 5). Kernel-density probability estimates
for unmixed deposit spectra revealed composition and relative abundance of deposit-associated bio-
molecular matrices. Each compound exhibited unique drug-biomolecule complexes as determined by
the relative abundance of lipid/protein in each pixel, thereby further elucidating xenobiotic-cell
interactions. Subtracting the biomolecule signals from detected deposits provided spectra for “pure”
unmixed deposits. Comparison of unmixed deposit spectra with parent drug reference spectra
revealed differences attributable to changes in molecular bond/structure of molecule, as was the case
for nilotinib, fluticasone-propionate, and neratinib. These spectroscopic changes could be evidence of
drug metabolism as previously described for neratinib in cancer cells®?,

On the example of neratinib and its metabolites we investigated xenobiotics accumulation in further
detail in 3D liver representations. The presence of neratinib and its metabolites was independently
confirmed in both organoid pellets and supernatant by high performance liquid chromatography-mass
spectrometry (LC-MS) (Extended Data Fig. 7f, Supplementary Fig. 2). Due to the wavelength of the
fluorescence signals of neratinib, Raman data were acquired with a 785 nm excitation laser (instead



of 532 nm as previously described) and quantified using the qVRI. Raman image segmentation using
ilastik software®® allowed 3D visualization (Fig. 5e) and volumetric measurements of the neratinib
metabolite deposits (Fig. 5f) and revealed deposits smaller than the volume of typical hepatocytes
(<3500 um?3) indicative of intracellular localization (Fig. 5g). High-resolution qVRI imaging enabled clear
distinction of nuclei and verified particle size distribution measurements (Fig. 5h). The strong
fluorescence signal of neratinib/metabolites allowed an independent confirmation of
neratinib/metabolite accumulation by confocal imaging (Extended Data Fig. 7c) which unlike RSI,
cannot reveal chemical composition of deposits and is applicable for a limited number of drugs with
strong fluorescence (from our panel — only neratinib). Nevertheless, confocal microscopy reveals an
accumulation of xenobiotics in lysosomes as marked by the lysosomal membrane protein LAMP1
(Extended Data Fig. 7d). High-resolution qVRI also suggested that larger deposits represent
metabolites excreted into the bile canaliculi-like structures, observed in both 3D PHHs and 3D iHLC
(Extended Data Fig. 7e). Therefore, lysosomal accumulation and phospholipidosis (Extended Data Fig.
6a,b) are proposed as possible mechanisms of neratinib-induced toxicity*.

In summary, for drugs identifiable by RSI, a label-free spatial and temporal “snap-shot” of a drugs
presence and processing is now available, comprising factors including drug/metabolite abundance
and spatial distribution in the context of drug-induced changes in 3D hepatic representations.

Conclusion

gRamanomics provides a novel solution to address the current need for quantitative in-depth
chemotypic characterization of 3D tissue representations with unprecedented resolution and
represents a significant advancement in the field of Raman-based biomedical research. Further
development of instrumental calibration technology is still necessary to facilitate inter-laboratory
comparisons of Raman cytometry data and harmonize Ramanomics at the global level.
gRamanomics opens the doors of scientific perception to the unadulterated biomolecular realm
within living cells and tissues, thereby enabling more stringent development of 3D bioengineered
living systems. As a next step, the technology described here will be advanced towards measurements
on living 3D structures to enable chemotyping and benchmarking of living organoid cultures.
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Methods
Biomolecular tissue phantoms as 3D quantitative calibration standards.

Tissue phantoms are artificial structures that mimic tissue-like properties, commonly mechanical or
optical, in a reliable and reproducible way, widely used to test instrumental performance. Aqueous-
based gels containing known concentrations of the most abundant cellular biomolecules were
formulated in PBS. Bovine serum albumin (BSA) (Sigma Aldrich) was selected as protein
representative due to its inexpensiveness, high water solubility and miscibility with other
biomolecules. Synthetic high-density lipoproteins (sHDL) composed of 22A peptide
(PVLDLFRELLNELLEALKQKLK) and DPPC or POPC were prepared by a co-lyophilization procedure.
Briefly, peptide and phospholipid were dissolved in glacial acetic acid, mixed at 1:2 wt/wt ratio, and
lyophilized overnight. The powder was rehydrated with water to make 80 mg mL™ (based on DPPC
concentration) sHDL or 50 mg mL™ (based on POPC concentration) and thermocycled. For DPPC the
procedure was between 50 °C (10 min) and room temperature (10 min) thrice and for POPC it was
room temperature (10 min) and ice bath (10 min) thrice to facilitate sHDL formation. The resulting
HDL complexes were diluted to 1 mg mL™? (based on peptide concentration) with water and
analyzed by gel permeation chromatography (GPC) for purity using 7.8 mm x 30 cm Tosoh TSK gel
G3000SWxI column (Tosoh Bioscience) with 1 mL min™ flow rate (PBS pH 7.4). Free peptide and
sHDL peaks were detected at 220 nm. The sHDL hydrodynamic diameters were determined in water
at 1 mg mL™? by dynamic light scattering (DLS) using a Zetasizer Nano ZSP, Malvern Instruments
(Westborough, MA). The volume intensity average values (£SD) were reported.

Intralipid 20% (Sigma-Aldrich, 1141-100ML) was initially employed as lipid reference but was
excluded from the model due to quantitative inconsistencies resulting from larger particle size of
the emulsion formulation as compared with HDLs. In the case of nucleic acids, commercially
available salmon testes DNA (Sigma-Aldrich, St. Louis, MO, USA) was diluted in deionized water at
50 °C and pH 8 prior to gelation. BSA and IL were also subjected to dynamic light scattering
(DLS) analysis (Zetasizer Nanoseries, Malvern Instruments, Ltd) to ensure homogeneity and
discard molecular aggregation. Cytochrome c (cyt c) signals were included in the quantitative
model (after detection in biological specimens) by dissolving 100 pug/mL cytochrome c (Sigma-
Aldrich, C3131-50MG) in PBS to elucidate the concentration-dependent signal intensity (a.u. per ug/
mL). Cyt c signals are commonly reported in various biospecimens and yield signals ~1,000-fold
stronger than other biomolecules due to resonance Raman effect when excited with 532 nm
light™23,



Raman spectral acquisition.

All spectra were acquired using a WITec alpha 300 R+ Raman confocal microspectrometer (Ulm,
Germany) equipped with a piezoelectric stage (UHTS 300, WITec, GmbH.), 50X air objective lens (Zeiss
EC EPIPLAN, N.A. = 0.75), 63x water immersive objective lens (Zeiss W Plan Apochromat 63X, N.A=1),
green solid-state excitation laser (A = 532 nm, 32 mW, WITec, GmbH.) and an imaging spectrograph
(Newton, Andor Technology Ltd. UK) equipped with a 600 groove/mm grating and a thermoelectrically
cooled (60 °C) charged-coupled detector (CCD) optically connected to the objective through a 10 um
diameter single mode silica fiber-optic cable. This setup enabled acquisition of spectral data across a
wavenumber range from 0-3600 cm™. Raman depth scans of tissue phantom calibration set were
performed by first locating the highest SNR laser focal plane for sample excitation at the tissue
phantom surface, followed by continuous scanning data acquisition through the depth profile of
interest at each x-z position. Similarly, z-stacks for quantitative chemometric profiling were acquired
sequentially with 10 um step size, starting from the sample surface. Each stack was acquired in raster
patter as a 100*100 x-y 2D hyperspectral image with 2 um spatial resolution. In all cases, the excitation
laser intensity was kept constant between sample scans, as well as integration time of 0.25 s.

Spectral preprocessing.

All acquired Raman spectra were preprocessed in WITec ProjectFIVE 5.2 and Matlab following the
same pipeline on a per pixel basis: cosmic ray removal (filter size: 4; dynamic factor: 4.1), setting
minimum value in Rayleigh region (-150 - 50 cm™) to zero (detector dark current to zero),
normalization setting the main water peak average value (3220-3420 cm™) equal to one,
matrix/medium background subtraction using a matrix blank (i.e., 1 % agarose (w/v) in PBS), and
rolling circle baseline correction (shape size: 300) to remove any other non-specific background signal
artifacts. Finally, all spectra were cropped from 400 - 3100 cm™'while also ignoring the biological
"silent region" from subsequent unmixing (1800 - 2700 cm™).

Spectral unmixing via linear combination modelling.

The spectroscopic unmixing problem for any Raman spectrum can be described as
yi=XB; +e (2)

or in matrix form as
Y=XB+E (3)

Where y; is the i-th m x 1 sample spectrum of the unfolded Raman image dataset; X is the m x n
calibration dataset matrix; B; the i-th n x 1 mixing coefficient vector and e; the i-th m x 1 unmodeled
residual vector. Within this linear algebra framework, to obtain B; estimations,

¥, = XB, (4)
as

e;=yi— ¥ (5)
Thus

B.=X"X)'X"y, (6)



where B, and ¥, are the algorithmic model estimations of B; and y; respectively. There are several
ways of computing equation (6), although for simplicity and interpretability, in this study we use
ordinary least squares with non-negativity constraint on f8,. Once the Raman spectral unmixing is
performed, the estimated coefficient values (E) provide a map/image of the biochemical
concentration distribution of each endmember throughout the sample.

Using this mathematical formulation as a mean to estimate chemical concentrations from Raman
spectra carries an implicit assumption: the relationship between the concentration of an analyte and
its corresponding Raman signal must be linear. Consequently, mixtures spectra are considered as ideal
additions of each component’s Raman fingerprint scaled by a coefficient that is directly correlated to
its concentration. This assumption has been proved in several different scenarios*°, however, when
dealing with biochemical samples, small alterations to the individual concentration-Raman signal
patterns may arise due to molecular interactions among bio-molecular species. To account for these
potential effects within our linear model, chemical mixtures were also included in the calibration set
at different concentration combinations.

Three-dimensional Raman chemical imaging of iHLC organoids and PHH spheroids.

Upon maturation, all specimens were fixed with paraformaldehyde (PFA) 4 % (v/v) and embedded in
1 % (w/v) agarose (Sigma-Aldrich, A0O701-25G) microwells with phosphate-buffered saline (PBS) (pH

7.4, Gibco) for immobilization in hydrated state during chemical imaging®'?

. Using 63X water
immersion objective, 50 um deep Z-stack scans were acquired with X-Y step size of 2 um, Z step size
of 10 um, and integration time of 0.25 s per voxel. Total image size was dependant on each organoids’
physical dimensions, ranging from 100-180 * 150-250 pixels, but keeping X-Y and Z resolution at 2 and
10 um respectively. Additionally, organoid image stacks were subjected to SNR thresholding to
remove all voxels where maxima in the high wavenumber region (2800 — 3100 cm™) were less than
10-fold the standard deviation observed across the baseline of Raman-silent region (2200 — 2600 cm”
1) of same spectra to ensure only high SNR spectral data was included in the quantitative analysis. Each
hyperspectral image in every stack was preprocessed as described and run through the selected
statistical unmixing algorithm. Thereupon, pseudo-colour images were generated using the resulting
lipid, protein, glycogen, and nucleic acids unmixing coefficients and plotted across the scan area to
create 2D biochemical maps. Finally, the z-stack of biomolecular distribution maps were loaded into

ICY 2.0.3.0 for rendering of 3D quantitative chemical images.

Quantitative volumetric Raman imaging (qVRI) for neratinib assessment in 3D PHHs and 3D iHLCs.

Due to neratinib’s intrinsic fluorescence under 532 nm excitation, we employed a 785 nm laser as
alternative Raman excitation source. The limited spectral range of 785 nm near-infrared detector (400
—2300 cm™) as compared to 532 nm Raman system (0 — 3600 cm?), prevented spectral normalization
to water signal (3,400 cm™). Alternatively, standard normal variate scaling was utilized to account for
sample-to-sample and depth-dependent signal variations. Endmembers were extracted as references,
and all were normalized accordingly before linear combination unmixing as previously described. The
main difference here is the deconvolved coefficients no longer contain quantitative concentration
information as previously described for gRamanomics. Regardless, the relative abundance (now in
arbitrary units, a.u.) of each biomolecular analyte may be mapped throughout the specimens. ilastik*



machine learning software was used to train a random forest model to classify subcellular regions of
interest as cytoplasm, lipid droplets, drug/metabolite deposits, and nuclei and segment the 3D images
accordingly. It should be noted that although this method offers volumetric insight into the size and
abundance of intracellular features, it lacks the ability to quantify absolute local concentrations
throughout the specimen. Finally, 3D object analysis was performed using Image) to generate particle
size distribution measurements.

Generation of human primary hepatic spheroids (3D PHH).

Cryopreserved primary human hepatocytes (Gibco, catalogue no. HMCPSQ, lot HU8339-A (PHH_1),
Lonza, catalogue no. HUCPG, lot HUM180201A (PHH_2) and Gibco, catalogue no. HMCPMS, lot
HU8287 (PHH_3)) were thawed in the Hepatocytes thaw media (Gibco, catalogue no. CM7500)
according to manufacturer’s protocol. Moreover, one sample of PHH (donor 73 years old, male) was
obtained from from the Department of Clinical Science, Intervention and Technology (CLINTEC),
Division of Transplantation Surgery, Karolinska Institutet (Stockholm, Sweden). The regional
committee for medical and health research ethics in Norway approved the use of human material (REK
50786). Uniform PHH spheroids were created by aggregation in ultra-low attachment micro-wells
(Corning, catalogue no. 4440) or in house-made agarose microwells - a format in which PHHs showed
stable functionality over at least 7 days as described before® (Extended Data Fig. 2g). Briefly, cells
were plated into microwells at the concentration of 1000 viable cells per microwell and were
centrifuged at 100 g for 2 min. For the first 3 days PHH were cultured in the Williams E medium
(Thermo Fisher Scientific, catalogue no. A1217601) supplemented with 7 % FBS (Thermo Fisher
Scientific, catalogue no. 41400045), 2 mM L-glutamine (Thermo Fisher Scientific, catalogue no.
35050038), 10 pg/ml insulin, 5.5 p g/ml transferrin, 6.7 ng/ml sodium selenite (Thermo Fisher
Scientific, catalogue no. 41400045) and 0.1 uM dexamethasone (Sigma Aldrich, catalogue no. D4902).
From day 4 onwards, the FBS concentration was gradually decreased till 1% (v/v). Spheroids were
maintained in serum free media from day 7 for up to 2 weeks.

Differentiation of human iPSC derived 3D iHLCs.

Human induced pluripotent stem cells (iHLC_1: WTC-11, Coriell Institute for Medical Research; iHLC_2:
WTSIi013-A and iHLC_3: WTSIi028-A, Wellcome Trust Sanger Institute) were cultured in E8 media
(Thermo Fisher Scientific, catalogue no. A1517001) on plates coated with 0.1% (v/v) Geltrex (Thermo
Fisher Scientific, catalogue no. A1413201) in a humidified 37 °C, 5% CO; incubator. Cells were
passaged using 0,5mM EDTA (Thermo Fisher Scientific) in DPBS and replated as small clumps at a
dilution 1:3-1:5. Quality control, performed after thawing of cells, included flow cytometry, gPCR,
immunofluorescent imaging for pluripotency markers and karyotyping.

3D hepatic spheroids were generated using modification of previously published protocols”®. Briefly,
iPSC were differentiated toward definitive endoderm in IMDM/F12 media containing 1% (v/v) lipid
concentrate (Thermo Fisher Scientific, catalogue no. 11905031), 100 pg/ml transferrin, 3 uM
CHIR99021 (Tocris Bioscience, catalogue no. 4423), 50 nM PI-103 (Tocris Bioscience, catalogue no.
2930) and 100 ng/ml activin A (Peprotech, catalogue no. 120-14P) for 24 h and 100 ng/ml activin A for
subsequent 48 h. The definitive endoderm cells were treated with 10 ng/mL FGF2 (Peprotech,
catalogue no. 100-18B) and 20 ng/mL BMP4 (Peprotech, catalogue no. 120-05) in IMDM/F12 medium
supplemented with 1% (v/v) N-2 (Thermo Fisher Scientific, catalogue no. 17502-048), 1% (v/v) B-27



minus vitamin A (Thermo Fisher Scientific, catalogue no. 12587010) and 1% (v/v) lipid concentrate,
then with 5 uM A8301 (Stem Cell Technologies, catalogue no. 72022), 20 ng/mL HGF (Peprotech,
catalogue no. 100-39H), 20 ng/mL BMP4, 1% (v/v) B-27 with vitamin A for 3 more days and with 25
ng/mL HGF, 1% (v/v) DMSO for another 5 days. At day 12, cells were detached and aggregated in the
agarose U bottom microwells in the presence of 25 ng/mL HGF, 0.1 uM Dexamethasone, 0.5% (v/v)
ITS, 0.1% (v/v) lipids concentrate, 100 uM Ascorbic acid-2 phosphate (AAP), 1% (v/v) B-27 (without
vitamin A) and 1% (v/v) N-2. After formation of spheroids at day 13, media was replaced with William’s
E media, supplemented with 5% (v/v) FBS, 20 ng/ml HGF and 10 ng/ml oncostatin M (Peprotech,
catalogue no. 300-10), 1% (v/v) ITS, 100 uM AAP, 0.1 uM Dexamethasone. For further maturation,
organoids were cultured in microwells in William's E media, supplemented with 1% (v/v) ITS, 0.1 uM
Dexamethasone, 20 ng/ml Oncostatin M and 1% (v/v) MEM Non-Essential Amino Acids Solution
(Thermo Fisher Scientific, catalogue no. 11140050), for another 10 days. At day 18, organoids were
additionally incubated for 1 h in the same medium supplemented with 5% (v/v) of Geltrex.

Drug treatment.

Neratinib (catalogue no. S2150), nilotinib (catalogue no. S1033), ketoconazole (catalogue no. S1353),
amiodarone HCI (catalogue no. S1979) and fluticasone propionate (catalogue no. S1992) were
obtained from Selleckchem, Methadone stock solution (1 mg/ml) was provided by Department of
Chemistry, University of Oslo. Stock solutions of drugs were prepared in DMSO in concentration 10
mM. 3D PHH (at day 7 after thawing) and 3D iHLC (after 24 days of differentiation) were incubated
with indicated compounds for 24 h and 48 h, diluted in the concentration 10 uM in serum-free
William's E media, supplemented with 1 % ITS, 0.1 uM Dexamethasone. Control organoids were
incubated in the same medium with 0.1 % DMSO.

RNA extraction and real-time polymerase chain reaction (PCR).

RNA was isolated using RNeasy Micro kit (Qiagen) or TRIzol reagent (Thermo Fisher) according to the
manufacturer’s protocol. RNA concentration and purity was determined using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized using High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, catalogue no. 4368814). Gene expression analysis
was performed using a TagMan Universal mix on a TagMan ViiA7 Real Time PCR System. Used primers
are listed in the Supplementary table 1. PPIA and GAPDH were used as endogenous control. Level of
expression of genes of interest were quantified by ddCt with normalization to iHLC differentiated from
the WTSIi028-A iPSC line (iHLC_3), and with normalization to control organoids for drug treatment.
Data represent three donor PHH samples, and iHLCs differentiated from 3 cell lines.

ELISA.

Albumin content in the supernatant media was assayed with Human Albumin ELISA Quantitation Set
(Bethyl Laboratories, catalogue no. E88-129). For the comparison between drug treated groups with
control PHH or iHLC albumin concentration was normalized to the 3D spheroid/organoid total area as
determined from bright field imaging using Fiji software. For the comparison between iHLC and PHH
albumin concentration was normalized to the total protein content, Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific) according to the vendor instruction.

Immunofluorescence staining and microscopy.



Organoids were fixed in 4% (w/v) PFA for 30 min on the orbital shaker. Each step was followed by 3
washings (each 5 min) in DPBS using an orbital shacking. Permeabilization and blocking was performed
by incubation in PBS with 1% (m/v) BSA (Sigma Aldrich), 0.2% (v/v) Tritox-X100 (Sigma Aldrich) and
0.5% (v/v) DMSO at RT for 2 h on the orbital shaker. Staining with primary antibodies was performed
for 24 h (at 4 °C) with subsequently 2 h incubation with secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) diluted with 1 % BSA, 0.1 % Tritox-X100 in PBS. Primary antibodies
(Ab) used in this study: rabbit polyclonal Ab to human serum albumin (Abcam, catalogue no. ab2406,
1:400), goat polyclonal antibody to ZO-1 (Thermo Fisher Scientific, catalogue no. PA5-19090, 1:200),
mouse monoclonal Ab to CYP3A4 (3H8) (Invitrogen, catalogue no. MA5-17064, 1:250), mouse
monoclonal Ab to MRP2 (Abcam, catalogue no. ab3373, 1:400); secondary Ab used in this study: Alexa
Fluor® 488 AffiniPure Donkey Anti-Goat IgG (H+L) (catalogue no. 705-545-147, 1:300), Cy™3 AffiniPure
Donkey Anti-Rabbit IgG (H+L) (catalogue no. 711-165-152, 1:400), Alexa Fluor® 647 AffiniPure Donkey
Anti-Mouse 1gG (H+L) (catalogue no. 715-605-150, 1:400) (all secondary Ab are from Jackson
ImmunoResearch). Nuclear counterstaining was performed with 1 pg/mL Hoechst 33258 (Sigma
Aldrich) for 5 min at RT. Confocal microscopy was performed on a Zeiss 700 laser scanning confocal
microscope and Andor Dragonfly Spinning Disk Confocal microscope using standard filters sets and
laser lines with a 40x and 63x oil immersion objective. For the detection of neratinib fluorescence, we
used imaging with excitation by UV at 350 nm and emission in far-red spectrum, 650-670 nm, that
allowed distinguishing between neratinib and Hoechst 33258 signals. Images were acquired using Zen
software (Zeiss) as Z-stacks with 2 um spacing between stacks and Dragonfly software with 0.5 um
spacing correspondingly. The confocal images were analyzed using Fiji software®®. Confocal images are
displayed as a resulting Z-stack of half of spheroid.

Viability and hepatotoxicity.

ATP content was evaluated using Cell Titer-Glo® 3D Cell Viability Assay (Promega) according to
manufacturer’s instructions. Briefly, 50 pl of the reagent was added to individual spheroids in 100 ul
of culture medium. To facilitated lysis, organoids were vortexed for 1 min and the plate was incubated
at 37 °C in 5% CO; for 20 min with subsequent luminescent signhal measurement using GloMax®
Multiplus Plate Reader/Luminometer (Promega). The changes in viability are represented as %
compared to viability of control spheroids/organoids. The viability of organoids after 48 h of
incubation with tested compounds was visualized using a LIVE/DEAD® assay (Thermo Fisher Scientific)
as described by the manufacturer. Briefly, organoids were washed in D-PBS and incubated for 30 min
at 37 °Cin a 5 % CO; incubator in 1 mL of culture media containing 1 uL of calcein AM solution and 5
pL of ethidium homodimer-1 solution. Stained spheroids/organoids were analyzed using a
fluorescence microscope (Zeiss).

Cytochrome CYP3A4 and CYP1A2 activity.

Cytochrome CYP3A4 and CYP1A2 enzymatic activities of 3D PHHs and 3D iHLCs were measured using
P450-Glo™ Assay with Luciferin-IPA (catalogue no. V9001) and Luciferin-1A2 (catalogue no. V8771)
correspondingly (Promega, Sweden). For the induction of CYP3A4 activity, organoids were treated
with 50 uM of rifampicin for 24 h prior the analysis. For the induction of CYP1A2 activity organoids
were treated with 100 uM of omeprazole for 24 h prior the analysis. Relative luminescence was
normalized to total protein content, measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the vendor instruction.



Transporter activity.

Spheroids/organoids were incubated with 10 uM 5(6)-carboxy-2’,7'-dichlorofluorescein diacetate
(CDFDA) (Sigma Aldrich, catalogue no. 21882) for 30 min at 37 °C in the 5 % CO, atmosphere. Nuclei
were counterstained with 1 pg/mL Hoechst 33342. Cultures were washed with PBS containing calcium
and magnesium. Imaging was performed in William's E media without phenol red, but containing 5
mM of HEPES using a Zeiss LSM 700 confocal microscope after 5, 15 and 30 min after washing at 37
°C.

Phospholipidosis assay.

The HCS LipidTOX™ Phospholipidosis Detection Reagents (PLD) (Thermo Fisher Scientific, catalogue
no. H34350) accumulation was monitored in real time using Incucyte live imaging visualization system.
For real-time experiments spheroids were generated in 96 wells ultra-low attachment U-bottom plate
with initial plating density of 1000 cells per well. PLD accumulation data is represented by mean
fluorescence signal per well. Total accumulation of PLD after 48 h of drug exposure was verified using
Andor Dragonfly Spinning Disk Confocal microscope. Z-stack of half of spheroid was taken with spacing
1pum.

Proteomic liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

Pelleted iHLC organoids generated from 3 cell lines (iHLC_1: WTC-11, WiCell; iHLC_2: WTSIi013-A and
iHLC_3: WTSIi028-A, Wellcome Trust Sanger Institute) and cryopreserved primary human hepatocytes
(Gibco, lot HU8287 (PHH_3)) (all ~100 000-300 000 cells) were washed once with DPBS (final volume
~15 uL), before lysing and digestion. Sample preparation was performed according to the protocol for
sample preparation by Easy Extraction and Digestion (SPEED) by Doellinger et al.'*, with a modified
reduction and alkylation step: reduction was performed by adding DL-dithiothreitol (Merck, catalogue
nr. D5545) to a final concentration of 10 mM before incubation at 56 'C / 900 rpm for 25 min in a
thermoshaker (Grant instruments), and alkylation was performed by adding iodoacetamide (Merck,
catalogue no. 11149) to a total concentration of 20 mM before incubation at room temperature / 900
rpm for 30 min in the thermoshaker (in the dark). Samples were digested with 6 pg trypsin () overnight
in the thermoshaker at 37 'C / 700 rpm. To terminate protease activity, trifluoroacetic acid was added
to a final concentration of 1 % (v/v) and the peptide extracts were concentrated to dryness using a
Concentrator plus from Eppendorf (Hamburg). The dried extracts were dissolved in 100 uL LC-MS
grade water with 0.25 % (v/v) heptafluorobutyric acid before sample clean up. Cleanup was performed
using 100 pL BondElute C18 solid-phase extraction columns from Agilent (Santa Clara) according to
the attached protocol and eluted into 100 uL acetonitrile/water/formic acid (60/40/0.1, v/v/v) in 1.5
mL Eppendorf Protein-LoBind tubes. The two aliquots of each sample were combined and
concentrated to dryness in the Concentrator plus, and the final peptide extracts were dissolved in 4
pL LC-MS grade water containing 0.1 % (v/v) formic acid.

The protein extracts were analyzed by LC-MS/MS using the timsTOF Pro (Bruker Daltonik) mass
spectrometer which was coupled online to a nanoElute nanoflow liquid chromatography system
(Bruker Daltonik) via a Captive Spray nanoelectrospray ion source. The peptides were separated on a
reversed-phase C18 column (25 cm x 75 um, 1.6 um, lon Optics (Fitzroy) at 50 °C). Mobile phase A
contained LC-MS grade water with 0.1 % (v/v) formic acid, and acetonitrile with 0.1 % (v/v) formic acid
was used as mobile phase B. The peptides were separated by a linear gradient from 0 — 35 % mobile
phase B over 54 min at a flow rate of 300 nL/min at a column temperature of 50 °C. MS acquisition



was performed in data-dependent acquisition parallel accumulation-serial fragmentation (DDA-
PASEF) mode. An injection volume of 2 pL was used.

The LC-MS data were searched against the human UniProt database (20,431 entries), with PEAKS X+
software version 10.5 (Bioinformatics Solutions). The following parameters were used: digestion
enzyme, trypsin; maximum missed cleavage, 1; fragment ion mass error tolerance, 0.03 Da; parention
error tolerance, 15 ppm. Oxidation of methionine, carbamidomethyl formation on cysteines, and
acetylation of the N-terminus was specified as variable modifications and the maximum number of
posttranslational modifications (PTMs) was set to 2. A false-discovery rate of 1 % was applied to the
datasets. Label-free quantification (LFQ) using the PEAKS X+ software was performed using proteins
containing at least 1 peptide in both groups (iHLC_1 and PHH) with a significance >0 and FDR of 5 %.
Peptides were filtered, retaining peptides with a 2< charge<5, quality 20, and area >0. Normalization
to the total protein intensity was performed (intensity of the PHH reduced by a factor of 5.6 compared
to that of iHLC_1).

Drug metabolism in microsomes.

Human liver microsomes (XTremme Pool 200 Human, Tebu-bio, Lot nr: 1710084) were stored at -80
°C. NADPH regeneration solution (final concentration 1.3 mM NADP+, 3.3 mM glucose-6-phosphate,
0.4 U/mL glucose-6-phosphate dehydrogenase, 3.3 mM MgCl,) and human liver microsomes (final
concentration 1 mg protein/mL) were pre-incubated to 37 °C for 15 min in a shaking water bath. The
reaction was initiated by addition of neratinib or amiodarone (final concentration of 5 uM in a total
volume of 100 pL) and stopped after 0, 20, and 60 min by addition of ice-cold formic acid (FA, final
concentration 0.11 M). The samples were centrifuged at 14500 x g and 4 °C for 10 min and the
supernatants were transferred to autosampler vials. Drug degradation control samples, without
human liver microsomes, were performed in parallel to evaluate the stability of neratinib at the
incubation conditions.

Neratinib and amiodarone metabolites detection by LC-MS.

PHH spheroids were incubated in 5 UM neratinib or 10 uM amiodarone in serum-free William’s E
medium supplemented with 0.1 uM dexamethasone and 1% (v/v) ITS for 6 and 24 h. Metabolism was
stopped by adding FA to a final concentration of 0.11 M, and the plates were frozen at -80 °C. In
parallel, samples of cell medium without organoids (n = 3) were used as drug degradation control
samples. The samples were centrifuged at 14500 x g and 4°C for 10 min. The supernatant was diluted
10x in 0.1% (v/v) FA prior to analysis. The pellet was washed three times in PBS, followed by the
addition of 100 pL type I. Rapidly, pellet and liquid were transferred to Eppendorf tubes and then
placed in an ultrasonic bath for further preparation, applying a variant of procedure described
before®®, to reduce sample heating; in the bath, the cells were subjected to ultrasonic treatment for
30 s on/30 s off 10 times, taking a total of 10 min. Detection of neratinib metabolites was achieved
with an Agilent 1100 series pump equipped with an Agilent 1200 autosampler from Agilent
Technologies. The autosampler and pump was coupled to Quantiva (triple quadrupole) MS with an
electrospray ionization (ESI) interface from Thermo Fisher Scientific. Separation was performed using
a HotSep® Sunniest C18 analytical column (150 x 0.5 mm, 3 um particles and 120 A pores) from GT
Septech Teknolab (Ski, Norway). The Agilent 1100 series pump was equipped with two solvent
compartments (A and B), where A contained 5 mM ammonium formate pH 3.1 (w/v) and B contained
0.1 % FA in LC-MS grade water and acetonitrile (5/95, v/v). A linear gradient was applied ranging from



20 % to 80 % B in 6 min at a flow rate of 15 puL/min, and the injection volume was 3 pL. The ion spray
voltage was set to 3.5 kV, the sheath- and aux gas was set to 7 arb and 5 arb, and the vaporizer
temperature was set to 33 °C. The MS operated in positive mode, with multiple reaction monitoring
(MRM) transitions of neratinib and metabolites obtained from neratinib metabolite detection in
neratinib incubated human liver microsomes. The neratinib metabolite identification quality control
was based on the characteristic Cl isotope intensity ratio of 3:1, and the retention time order and
MS/MS fragments were matched with the study of Liu et al.**. The MRM transitions and collision
energies (ce) for neratinib, Peak 3 (m/z 557.2> 112.2, 512.2, and 521.3 at 20 V), Peak 1 (m/z 466.2>
112.8,393.1, and 421.2 at 20 V), Peak 2 (m/z 543.2>353.0 at 37 V, and 543.2> 446.1, and 507.5 at 20
V), Peak 4 (m/z 573.2> 464.3, 528.3, and 111.9 at 20 V). Solvent gradients and MS acquisition was
controlled by the Agilent LC software (Chemstation).

Amiodarone metabolite detection was achieved with ESI-MS (triple quadrupole Quantiva, Thermo
Fisher Scientific), and direct injection using a Fusion 101 syringe pump from ChemyxInc (Stafford, TX).
Here, the flow rate was 5 puL/min, the ion spray voltage was set to 4.5 kV, the sheath- and aux gas was
set to 3 arb and 5 arb, and the vaporizer temperature was set to 33 °C. The MS operated in positive
mode.

Statistics.

Statistical analyses and graphs generation were performed using GraphPad PRISM 7 (GraphPad
Software Inc.). Unless specifically stated, a two-tailed, paired t-test (with unequal variances) was
applied for the comparison of two groups. For more than two groups, a one-way ANOVA analysis was
applied. The data are presented as mean + SD. Statistical significance was assigned as not significant
(NS) P>0.05; *P<0.05; **P<0.01; ***P<0.001; ****P <0.0001.

Data and code availability

Research raw data and scripts are available upon request from rdm-enquiries@imperial.ac.uk.
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Fig. 1. Methodology for spectral preprocessing and quantitative calibration of reference model using biomolecular tissue phantoms. a, Spectral preprocessing
algorithm employing the water signal as an internal standard for all measurements. b, sHDLs enable mixing of lipid species with other classes of biomolecules in
aqueous mediums. Reference spectra for each major component normalized to maximum peak height. Particle size distribution of sHDLs compared with albumin
solutions and intralipid emulsions by DLS. ¢, 3D tissue phantoms elucidate linear range of quantitation for each analyte (shown for POPC) and allow for depth-
dependent signal interference studies. d, Signal intensities vary for each major class of biomolecules and reference spectra are scaled accordingly to extract the
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with BioRender.com. b, 3D images of 3D PHH spheroid generated from preprocessed spectra showing total signal acquired in high wavenumber region (2800—
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Fig. 3. qrRamanomics enables quantitative high-content composition comparison between primary human hepatocyte spheroids and induced hepatocyte-like
cell organoids. a, Representative bright field, and immunofluorescence (red — albumin) images of 3D PHHs and 3D iHLCs. Scale bar = 50 um. b, Venn diagram of
proteins detected in PHH (n = 1 donor) and iHLC organoids (n = 1 cell line). ¢, The heatmap shows mean relative expression of selected hepatocyte-specific genes
given as Log2, iHLC organoids generated from iPSC line WTSIi028-A (iHLC_3) were used for the normalization. d, Secretion of albumin and urea in PHH and iHLC
organoids, n = 3 donor PHH, n = 3 cell lines iHLC (3 replicates for each). Data represented as meanzSD. Significance was calculated by nested two-tailed t-test
(albumin p=0,177, urea p=0,107). e, Basal and induced cytochromes P450 activity. Data represented as mean for 3 donors of 3D PHHs and 3 independent



differentiations of iHLC. Significance determined by multiple t test, using the Holm-Sidak method, * p < 0.05. f, High-content quantitative Ramanomic imaging
reveals distribution of molecular content throughout 3D PHH spheroids from a single donor (n = 3) and 3D iHLC organoids (n = 3). Scale bars = 50 um. g, Inter-
spheroid/organoid repeatability within and between specimen groups. Nested t-test revealed significant differences in protein, unsaturated lipid, and nucleic
acid content between 3D PHH and 3D iHLC samples. h, Pearson’s correlation chemometric heatmaps illustrate colocalization of various molecular components
and % difference between PHH and iHLC. i, Single-pixel local concentration correlation plots for total lipid, glycogen, and cyt c vs. protein measurements (mg/mL
for all; cyt c reported in ug/mL).
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Fig. 4. qRamanomics reveals high-content compositional phenotypic changes in response to drug treatment. a, Drug-specific changes in compositional
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individual control (48 h vehicle treatment, c) and amiodarone- treated (10 uM, 48 h, d) 3D PHHs. Amiodarone induces significant measurable changes in
biomolecular composition of 3D PHH spheroids. Scale bars = 50 um. e, Analysis demonstrates repeatability across multiple spheroids from each sample group.



Nested one-way ANOVA followed by Kruskal-Wallis multiple comparisons were significant (n = 137,374 protein, 118,193 monounsaturated lipid, 124,697
glycogen, and 60,003 cyt c measurements from 16 different 3D PHH spheroids).
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Fig. 5. Drug and drug metabolite deposits were detected within lysosomes yielding altered Raman spectral signals as compared to parent drug for drug-
treated 3D iHLC organoids. a-d, Chemical formula for drugs for which detected deposit signals were extracted from intracellular drug and/or metabolite
aggregate regions of interest (5 deposits from n = 3 3D iHLCs each treatment group) for a, amiodarone, b, nilotinib, c, fluticasone-propionate, and d, neratinib-
treated 3D iHLC organoids. Spectral difference between unmixed deposits and parent drug reference signals suggests metabolism of compounds. e, qVRI reveals
distribution of drug/metabolite (cyan) and lipid droplets (magenta) for neratinib-treated 3D PHHSs (scale bars = 50 um) and f, relative volumetric abundance for
each component. Data shown as mean * SE for n = 3 PHH spheroids. g, Particle size distribution analysis of drug/metabolite deposits (inclusions) within drug-
treated and control specimens (n = 3 organoids per group). Data shown as median * quartiles with each point representing an individual deposit/droplet. h, High-



resolution 3D Raman chemical imaging suggests neratinib accumulation in lysosomes and bile canaliculi. Scale bars = 10 um. Relative abundance data shown as
volume fractions of 3D scan with each object volume point representing an individual deposit/droplet.
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Extended Data Fig. 1. Method validation for quantitative compositional analysis in three

i) I hi

P

imens using Bayesian approach to characterise

model confidence. a, Results for pure component calibration model fitting. Datapoints reveal ground truth concentrations of analytes and shaded lines show
confidence boundaries of various measurement sets. b, Multi-component mixtures provide measure of model confidence and accuracy to quantitatively
deconvolute biomolecule spectral signatures from physiologically-relevant concentration realms.
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Extended Data Fig. 2. a, Schematic representation of differentiation protocol. b-c, Representative bright field images of PHH spheroids from 3 donors, and iHLC
generated from 3 hiPSC lines. Scale bars = 100 um. d, Heat map illustrating relative abundance of proteins in PHH_3 and iHLC 1. Proteins were grouped into
groups related to drug-metabolism, glycolysis, TCA cycle, oxidative phosphorylation, and fatty acids phosphorylation, as well as general liver-specific proteins.
e, Size distribution of 3D PHH and 3D iHLC, measured as an area of 3D models sections from bright field images (n > 90 for each group, one-way ANOVA). f,
Venn diagram of proteins detected in PHH_3 and iHLC_2 and iHLC 3 organoids. g, Relative expression of selected hepatic markers in iHLC organoids, freshly
thawed (0 h) PHH, PHH after 7 days and 24 h of 3D and 2D culture correspondingly. n = 3 donors for PHHs, n = 3 cell lines for iHLC organoids. Groups were
compared to freshly thawed (0 h) PHH, significance was calculated using one-way ANOVA, *p < 0.05, **p < 0.01.



Primary human hepatocyte spheroids

Protein Saturated lipid Monounsat. lipid Unsaturated lipid Nucleic acid Glycogen

iHLC organoids

Protein Saturated lipid Monounsat. lipid Unsaturated lipid Nucleic acid Glycogen

Monounsat. lipid Nucleic acid Glycogen

Protein Saturated lipid
o Rl
100 mg/mL 50 pg/mL

Unsaturated lipid
=

300 mg/mL 0 80 mg/mL 0 40 mg/mL 0 60 mg/mL 0

PHH PHH PHH 3
c 1 Cytc 2 Cytc Cytc
Glycogen 0 Glycogen £ Glycogen
Nucleic acid Nucleic acid Nucleic acid
Total lipid Total lipid Total lipid

0.5

Unsaturated lipid
Monounsat. lipid
Saturated lipid

Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid
Total lipid
Nucleic acid
Glycogen "
Cytc

iHLC 1

Cytc

Glycogen

Nucleic acid

Total lipid

Unsaturated lipid
Monounsat. lipid

Saturated lipid
Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid
Total lipid
Nucleic acid
Glycogen
Cytc

Unsaturated lipid
Monounsat. lipid
Saturated lipid

Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid
Total lipid
Nucleic acid = g
Glycogen
Cytc

iHLC 2
Cytc
Glycogen
Nucleic acid
Total lipid
Unsaturated lipid
Monounsat. lipid
Saturated lipid
Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid
Total lipid
Nucleic acid
Glycogen
Cytc

Unsaturated lipid
Monounsat. lipid
Saturated lipid

Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid

Unsaturated lipid
Monounsat. lipid
Saturated lipid

Protein

Protein
Saturated lipid
Monounsat. lipid

Unsaturated lipid

Total lipid
Nucleic acid
Glycogen
Cytc

Cytc
Glycogen
Nucleic acid
Total lipid

Total lipid
Nucleic acid
Glycogen
Cytc

Extended Data Fig. 3. qRamanomics reveals repeatable compositional phenotypic changes between different spheroids in same treatment group. a,b High-
content quantitative Ramanomic imaging reveals distribution of molecular content throughout 3D PHH spheroids from a single donor (n = 3) and 3D iHLC
organoids (n = 3). Scale bars = 50 um. ¢, Pearson’s correlation chemometric heatmaps illustrate colocalization of various molecular components and % difference
between PHH and iHLC.
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Extended Data Fig. 4. qRamanomics reveals chemotypic changes in response to drug treatment for PHH spheroids. a, High-content quantitative Ramanomic
imaging reveals distribution of molecular content throughout 3D PHH spheroids from a single donor (n = 3). Scale bars = 50 um. b, 3D renderings of drug and/or
drug metabolite deposits (shown in cyan) detected in PHH spheroids. The biomolecular matrix (i.e., protein, total lipid, and glycogen) was combined and is shown
in grey (arbitrary intensity units) to reveal clear distinction between endogenous biomolecules and xenobiotic compounds present in specimens. Scale bars = 50
um.




untreated amiodarone niltoinib fluticasone ketoconazole
(48 h vehicle) (10 pM, 48 h) (10 uM, 48 h) (10 uM, 48 h) (10 pM, 48 h)

K 2
| 1l
Protein

I
1

300 mg/mL

Saturated lipid

80 mg/mL

Monounsat. lipid

40 mg/mL

Unsaturated lipid

40 mg/mL

Nucleic acid

60 mg/mL

Glycogen

100 mg/mL

50 pg/mL

Drug deposit

amiodarone niltoinib / —— fluticasone
(10 uM, 48 h) ~\ (10 uM, 48 h) X T (10 uM, 48 h)
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in grey (arbitrary intensity units) to reveal clear distinction between endogenous biomolecules and xenobiotic compounds present in specimens. Scale bars = 50
um.
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Supplementary Figure 1. MS spectra from direct injection of amiodarone incubated samples: human liver microsomes (10 uM amiodarone, 60 min). The
highlighted peak at m/z 646.2 is amiodarone, and the highlighted peak at m/z 546.9 is the detected amiodarone metabolite (44), - PHH spheroids (10 uM
amiodarone, 24 h). The highlighted peak at m/z 546.9 is the detected amiodarone metabolite (44); medium control samples without spheroids, incubated in10
UM amiodarone for 24 h. The highlighted peak at m/z 646.2 is amiodarone. Acquired using ESI and triple Q MS.
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Supplementary Figure 2. Representative chromatograms of neratanib and selected metabolites. a, Peak 1 (M3 described reference 43): Selected reaction
monitoring (SRM) = 466.2 [M-H+] a 112.8, 393.1, 421.2. b, Peak 2 (M10 described in reference 43): SRM = 543.200 [M-H+] a 353.0, 446.1, 507.5. c, Peak 3
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ABSTRACT: Liver organoids are emerging tools for precision drug develop- & ——
ment and toxicity screening. We demonstrate that electromembrane extraction & J

(EME) based on electrophoresis across an oil membrane is suited for v

segregating selected organoid-derived drug metabolites prior to mass

spectrometry (MS)-based measurements. EME allowed drugs and drug L
metabolites to be separated from cell medium components (albumin, etc.) e
that could interfere with subsequent measurements. Multiwell EME (parallel- suwoneciquamenine s I""We’s“""'y
EME) holding 100 uL solutions allowed for simple and repeatable monitoring oSl 3 ¥

of heroin phase I metabolism kinetics. Organoid parallel-EME extracts were b Rl > N Liver organoids
compatible with ultrahigh-performance liquid chromatography (UHPLC) used T e

to separate the analytes prior to detection. Taken together, liver organoids are

well-matched with EME followed by MS-based measurements.

B INTRODUCTION part of the drug development process."” Clinical studies of
xenobiotics in humans are subjected to constraints concerning
ethical aspects. Several in vitro model systems have been
developed to recapitulate human functions from the molecular
level to the cellular, tissue, organ, or whole organism level. The

The process of drug development is known to be time-
consuming and bear financial uncertainties."” It is estimated
that from 5000 to 10 000 new molecular entities, only one new
drug will enter the market.” The advancement of this one drug

from concept to market takes approximately 15 years and a most commonly used in vitro models for drug metabolism
cost of over $1 billion, as well as the use of human resources, studies include subcellular fractions, e.g., human liver micro-
research skills, and technological expertise.3 As the majority of somes (HLMs), S-9 fractions, and human hepatocytes.
drug candidates are rejected late in the process and during However, current in vitro models has some disadvantages.
clinical trials,” one approach to reducing the assets put into the For example, HLMs do not represent a complete course of
drug development may be to reject possible drug candidates metabolism as they lack soluble phase II enzyrnes.16 Addition-
early in the development process, i.e., during preclinical testing. ally, higher biotransformation rates are obtained in HLMs
This may be done by developing or utilizing in vitro models compared to humans, most likely because of the enriched
that adequately recapitulate the human in vivo response. enzyme concentrations and the absence of competing
Organoids are three-dimensional tissue models derived from enzymes.” Also, animal models can have shortcomings and
primary tissues, embryonic stem cells, or induced pluripotent have frequently been shown to lead to wrong predictions of
stem cells (iPSC).*® These “mini” organs are emerging tools drug interaction and toxicity in humans.'®
for studying human development and disease, serving as For both in vitro and in vivo models, drug metabolism
alternatives to cell cultures and animal models in drug studies are very often performed utilizing liquid chromatog-

development.”® A wide variety of organoids are being

developed and studied, e.g, brain, heart, tumor tissue, and

liver.”~"? Liver organoids can be valuable models for studying

drug metabolism and toxicity'® (Figure 1A), perhaps even in a -

personalized fashion, as organoids can be derived from the cells Received:  December 4, 2020

of a patient.”’ls Acce.pted: January 2§, 2021
Drug metabolism is a significant determinant of drug Published: February 3, 2021

clearance and an indirect determinant of the clinical efficacy

and toxicity of drugs.'® Thus, the mapping of the

biotransformation pathway of drugs is crucial in the early

raphy-mass spectrometry (LC-MS). Essentially, the mass
spectrometer (MS) can measure the drugs and their
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Figure 1. (A) Light microscopy picture of iPSC-derived liver organoids used in this study, scale bar 500 ym. (B) Electromembrane extraction
(EME) principle. Charged analytes migrate from the donor solution (i.e., the sample solution) across the supported liquid membrane (SLM) and
into the acceptor solution. Extraction selectivity is obtained by voltage polarity and partitioning into and through the SLM. Polar molecules and
macromolecules are effectively discriminated from extraction by the hydrophobic SLM. (C) Illustration of well-documented liver phase I
metabolism of heroin undergoing deacetylation to 6-MAM and morphine by human esterases (e.g., human liver carboxylesterase 1 and 2, hCE1

and hCE2, respectively).

metabolites with a high degree of selectivity. Prior to MS
measurements, the compounds in the sample are separated by
the LC system, allowing for increased sensitivity and
selectivity.

There are few studies utilizing LC-MS for drug metabolism
measurements of organoids.'”~*" To the best of our knowl-
edge, there are currently no studies dedicated to demonstrating
the potential of drug metabolism studies with liver organoids
and LC-MS.”> The key focus of this study is to show the
potential of using liver organoids and LC-MS measurements as
a methodology for drug metabolism studies. To ensure an
efficient combination of organoids, LC-MS, and drug
metabolism, several challenges must be addressed. The
amounts of organoids can (depending on the production
method) be quite limited per sample, requiring efficient sample
preparation prior to analysis. It is also highly desirable that
drug metabolism studies with organoids can be upscaled,
which is difficult to combine with more standard sample
preparation approaches which include centrifugation steps and
manual pipetting (Figure S1A). In addition, liver organoids are
grown in a complex medium (e.g, can contain 10% fetal
bovine serum) requiring a thorough sample clean-up prior to
LC-MS analysis. For extracting drugs, and the metabolites
produced by organoids, we applied electromembrane extrac-
tion (EME; Figures 1B and S1B). In EME, an oil immobilized
in the pores of a porous membrane (supported liquid
membrane, SLM) is used to extract analytes from a cell
medium (donor solution) to a protein-free MS-compatible
acceptor solution. For the process, both aqueous compart-
ments are pH-adjusted to facilitate analyte ionization, and
voltage is applied across the SLM. EME is therefore essentially
an electrophoretic migration of ionized analytes across an oil
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membrane.”** Extraction selectivity is determined by both the
partitioning of analytes into the SLM and the polarity and
magnitude of the applied voltage. High clean-up efficiency of
the target analytes can thus be achieved, and EME is highly
successful in separating small-molecule drug substances from
biological matrix substances, including salts, lipids, phospho-
lipids, proteins, and blood cells.”*** Such a clean-up is highly
important prior to liquid chromatography-mass spectrometry
to avoid ion suppression or enhancement. EME has recently
advanced to the 96-well plate format®®™>* (parallel EME), and
chip systems.””*° Considering its documented traits regarding
simple sample clean-up, we focus on using EME for organoids,
which can be costly and limited in availability.

As a model system to show the potential of the
methodology, we study the phase I metabolism of heroin to
6-monoacetylmorphine (6-MAM) and morphine (Figure 1C),
as heroin liver metabolism is highly established, both with
regards to the metabolizing enzymes®'~>* (e.g, human liver
carboxylesterase 1 and 2, hCEl and hCE2, respectively), and
the resulting metabolites. With the presented experiments, we
have shown the proof of concept that liver organoids are EME
compatible, and evaluate the advantages and challenges of
parallel-EME/organoid/MS-based analysis for drug metabo-
lism.

B EXPERIMENTAL SECTION

Chemicals and Solutions. 2-Nitrophenyl octyl ether
(NPOE), 2-nitrophenyl pentyl ether (NPPE), bis (2-ethyl-
hexyl) hydrogen phosphite (DEHPi), bis(2-ethylhexyl)
phosphate (DEHP), sodium hydroxide, ammonium formate
(>99%), formic acid (FA, reagent grade 95%), L-ascorbic acid-
2 phosphate (AAP) were purchased from Sigma Aldrich (St.

https://dx.doi.org/10.1021/acs.analchem.0c05082
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Figure 2. Experimental setup of 96-well parallell EME. (A) Ninty-six well sample reservoir plate constituting the donor solution. (B) Ninty-six well
filter plate, constituting the acceptor solution. (C) Aluminum lid with 96 electrode rods. (D) All plates clamped together. (E) Illustration of the
extraction setup of paralle]l-EME coupled to the external power supply.

Louis, MO). LC-MS grade water and acetonitrile (ACN) were 103 from Bio-Techne Ltd. (Abingdon, United Kingdom) and
purchased from VWR (Radnor, PA). Chromasolv methanol 100 ng/mL activin A (PeproTech, Cranbury, NJ) for one day
(LC-MS grade) was from Honeywell Riedel-de Haén (Seelze, and 100 ng/mL activin A for 2 more days. The definitive
Germany). Heroin HCl, 6-MAM HCI, and morphine were endoderm cells were subsequently treated with 1 M A8301
purchased from Lipomed AG (Arlesheim, Switzerland). (Bio-Techne Ltd.), 10 ng/mL FGF2 (PeproTech), 30 ng/mL
Heroin-dy, 6-MAM-ds, and morphine-d; were purchased BMP4 (PeproTech), and 2 uM all-trans retinoic acid (Sigma
from Cerilliant (Austin, TX). Unless otherwise stated, the Aldrich) for one day, then with 10 ng/mL FGF2, 30 ng/mL
water used was type 1 water purified by a Milli-Q water BMP4, 1 uM forskolin (PeproTech), 1 uM Wnt-CS9 (Bio-

purification system from Merck Millipore (Billerica, MA). Techne Ltd.) for 2 more days and with 10 ng/mL FGF2, 30
The § and 10 mM ammonium formate buffer (w/v) was ng/mL BMP4, 1 uM forskolin for another day. On day 8, the
made by dissolving ammonium formate in LC-MS grade water cells were detached and aggregated in the U bottom microwells

followed by pH adjustment by the addition of FA to pH 3.1. A in the presence of 20 ng/mL HGF (PeproTech), 10 ng/mL
freshly made stock solution of 1 mM heroin HCI in 0.9% NaCl oncostatin M (OSM, PeproTech), 0.1 uM dexamethasone

was made prior to each organoid experiment (stored at 4 °C) (Bio-Techne Ltd.), 1 uM forskolin, 10 xg/mL human
and also used to prepare heroin calibration solutions. A stock recombinant insulin (Sigma Aldrich), and 100 uM AAP.
solution of 6-MAM and morphine was prepared in 5 mM After the formation of organoids at day 10, they were
ammonium formate buffer pH 3.1 at a concentration of 50 uM transferred into low attachment plates and cultured for another
each and stored at 4 °C. Two stock solutions of the internal 10 days as free-floating organoids in William’s E media

standards heroin-dy, 6-MAM-ds, and morphine-d; were (Thermo Fisher Scientific), supplemented with 10 ng/mL
prepared in S mM ammonium formate buffer pH 3.1 with HGF and 10 ng/mL OSM, 10 pg/mL insulin, 100 uM AAP,

analyte concentration of 1.5 puM each and 3 uM each, 0.1 yuM dexamethasone, 1 uM forskolin, and 10 yuM DAPT
respectively, and stored at 4 °C. (Bio-Techne Ltd.). The iPSC line AG27°°7** was differ-
Liver Organoid Differentiation from Induced Pluri- entiated using a small-molecule-driven protocol that aims to
potent Stem Cells. The iPSC cell line HPSIO114i-vabj 3 sequentially mimic in vivo liver development, resulting in
(Wellcome Trust Sanger Institute, Cambridgeshire, U.K.) was hepatocyte-containing liver organoids as described by Harrison

differentiated toward liver organoids using media from et al.¥
protocol by Ang et al.** Briefly, the HPSIO114i-vabj 3 iPSC Liver Organoid Heroin Incubation. Prior to heroin
line was differentiated toward definitive endoderm in Iscove’s incubation with organoids, 1 mM heroin was diluted in the
modified Dulbecco’s medium/F12 medium (Thermo Fisher respective cell medium and sterilized by filtration using a 0.22
Scientific, Waltham, MA) containing 3 yM CHIR99021 pum Millex-GV syringe filter (Merck Millipore). After 20 days
(STEMCELL Technologies, Vancouver, Canada), S0 nM PI- of differentiation, from 20 to 60 organoids per well were
3578 https://dx.doi.org/10.1021/acs.analchem.0c05082

Anal. Chem. 2021, 93, 35763585



Analytical Chemistry

pubs.acs.org/ac

treated with 10 or 50 #M heroin in cell medium for 1, 3, 6, and
24 h, respectively (n = 3), in separate Nunc flat-bottom 96-well
microplates (Thermo Fisher Scientific). Metabolism was
stopped by adding FA to a final concentration of 0.11 M,
and the plates were frozen at —80 °C. In parallel, cell medium
free from organoids (n = 3) were used as drug degradation
control samples.

Parallel Electromembrane Extraction Setup. Prior to
the extraction, S0 uL of the heroin-exposed liver organoid
samples (containing 0.11 M FA) was added to 40 uL of water
and 10 uL of the 1.5 yuM or 3 uM internal standard solution.
The samples were then loaded into the wells of an in-house
built 96-well stainless steel plate (Figure 2A), previously
described by Restan et al.*®* A volume of 3 uL of DEHP/
NPOE (10/90, w/w) was immobilized into the membrane
pores (045 um pore size) of a 96-well MultiScreen-IP
poly(vinylidene fluoride) (PVDF) filter plate from Merck
Millipore (Figure 2B). The steel and filter plates were
subsequently clamped together and 100 uL of 10 mM
ammonium formate pH 3.1 was loaded into each well of the
filter plate, and thus constituting the acceptor solution. The
filter plate was used to house the acceptor solution because the
geometry of the steel plate wells provided better convection of
the donor solution in this configuration, which improved the
extraction kinetics. A conductive in-house built aluminum lid
with 96 electrode rods (Figure 2C) was placed onto the filter
plate, and the whole construct (Figure 2D) was placed on a
Vibramax 100 Heidolph shaking board (Kellheim, Germany).
The steel plate holding the organoid solution was connected to
the anode of an external power supply (model ES 0300-0.45,
Delta Elektronika BV, Zierikzee, The Netherlands), while the
aluminum electrode lid was connected to the cathode (Figure
2E). Simultaneous extraction of all samples was performed for
1S min at 900 rpm agitation, with 30 V applied for the first 2
min and S50 V applied for the remaining extraction duration.
The stepped voltage was used to ensure that the extraction
current was kept below 50 A per well, which was considered a
safe limit for robust operation.*’

Ultrahigh-Performance Liquid Chromatography-
Mass Spectrometry (UHPLC-MS). Determination of heroin,
6-MAM, and morphine was performed using UHPLC-MS
based on a previously described method.*' The sample extracts
were diluted X10 with S mM ammonium formate pH 3.1 and
analyzed using an Acquity UHPLC pump coupled to a Xevo
TQ (triple quadrupole) MS with electrospray ionization (ESI)
interface, all from Waters (Milford, MA). The separation was
achieved using the Acquity UPLC HSS T3 C18 column (2.1
mm X 100 mm, 1.8 pum particles). Solvent A consisted of 10
mM ammonium formate buffer pH 3.1 and solvent B consisted
of methanol. The sample injection volume was set to 7.5 uL,
and the gradient elution was carried out at a flow rate of 0.5
mL/min at 65 °C using the following gradient profile: from 0—
0.5 min; 100% solvent A, 0.5—2.7 min; 0—10% solvent B, 2.7—
3.3 min; 10—20% solvent B, 3.3—4.6 min; 20—80% solvent B,
4.6—4.61 min; 80—100% solvent B, 4.61—6.60 min; 100%
solvent B, 6.60—6.61 min; 100—0% solvent B, 6.61—7.50 min;
and 100% solvent A. The capillary voltage was 3 kV, source
temperature was 150 °C, desolvation temperature was 500 °C,
and cone gas flow was 990 L/h. Detection was performed in
positive mode using multiple reaction monitoring (MRM)
with MS/MS transitions (MS/MS transition 1 being the
quantifier and MS/MS transition 2 the qualifier) and collision
energies for heroin (m/z 370 > 268 at 30 eV and m/z 370 >
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211 at 38 eV), 6-MAM (m/z 328 > 165 at 42 €V and m/z 328
> 211 at 30 eV), morphine (m/z 286 > 201 at 24 eV and m/z
286 > 165 at 42 eV), heroin-dy (m/z 379 > 272 at 30 eV), 6-
MAM-dg (m/z 334 > 165 at 42 eV), and morphine-d; (289 >
165 at 30 eV). Data was acquired and processed using
MassLynx 4.1 software (Waters).

Nanoliquid Chromatography-Mass Spectrometry
(nanoLC-MS). The nanoLC-MS setup consisted of a TSQ
Quantiva, triple quadrupole MS, the nanoFlex ESI ion source,
and the EASY-nLC 1000 or 1200 pump equipped with an
autosampler, all from Thermo Fisher. Acclaim PepMap 100
C18 (3 um particle size) pre- (75 ym inner diameter, ID, and
20 mm length) and analytical (75 ym ID X S0 mm) columns
from Thermo Fisher Scientific were used for the chromato-
graphic separation. In-house made® analytical columns were
packed with 3 pm Atlantis T3 particles (Waters) or 2.6 ym
Accucore particles (Thermo Fisher Scientific) in fused silica
capillaries of 75 um ID from Polymicro Technologies
(Phoenix, AZ). The analytical column was coupled to a 40
mm  stainless steel emitter (20 ym ID) purchased from
Thermo Fisher. The extracted organoid samples (AG27 iPSC
derived) were further diluted X10® in 5 mM of ammonium
formate pH 3.1 buffer, and the injection volume was set to 2
uL. The nanoLC pump was equipped with two solvent
compartments (A and B), where A contained 0.1% FA in the
LC-MS grade water (v/v) and B contained 0.1% FA in the LC-
MS grade water and ACN (10/90, v/v). The gradient elution
was carried out with 3—50% B in 8 min with a constant flow
rate of 500 nL/min. The spray voltage was set to 2.2 kV and
the ion transfer tube temperature was set to 310 °C. Detection
was performed in positive mode using MRM with MS/MS
transitions and collision energies for heroin (m/z 370 > 268 at
38 eV and 370 > 211 at 41 eV), 6-MAM (m/z 328 > 165 at 48
eV and 328 > 211 at 36 eV), morphine (m/z 286 > 181 at 48
eV and 286> 165 at 51 eV), heroin-dy (m/z 379 > 272 at 38
eV and 379 > 211 at 41 eV), 6-MAM-dq (m/z 334 > 211 at 35
eV and 334 > 165 at 48 eV), and morphine-d; (m/z 289 > 181
at 48 eV and 289 > 165 at S1 eV).

For a one-column setup, the pump outlet was coupled to an
external six-port valve from Valco Instruments Company Inc
(VICI, Houston, TX) equipped with a 75 ym ID X 11 cm
fused silica injection loop (500 nL), a nut with a syringe sleeve
and a 75 pum ID X 10 cm fused silica capillary waste outlet. The
flow outlet from the six-port valve was coupled to a stainless
steel tee-piece (VICI) through a 20 ym X 40 cm fused silica
capillary from Polymicro Technologies using stainless steel
nuts and vespel/graphite ferrules (VICI). The analytical
column inlet was coupled to the stainless steel tee-piece, also
coupled to a plug through a 550 mm nanoViper (75 um ID,
Thermo Fisher). A 500 uL syringe (SImm) from Hamilton
(Reno, Nevada) was used to load the samples. Xcalibur version
2.2 was used to obtain chromatograms and mass spectra
(Thermo Fisher).

Protein Profiling by Nanoliquid Chromatography-
Mass Spectrometry. Acetone precipitated AG27 iPSC-
derived liver organoid protein samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel electrophoresis, and the gel lanes were sliced
into five sample fractions and digested with trypsin as
previously described.™ The peptide solutions were desalted
using OMIX C18-micro solid-phase extraction (SPE) columns
(Agilent, Santa Clara, CA). A Q-Exactive mass spectrometer
(Thermo Fisher Scientific) equipped with a nanoFlex nano-

https://dx.doi.org/10.1021/acs.analchem.0c05082
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spray ion source was used for the nanoLC-MS analyses,
coupled to an EASY-nLC 1000 pump (Thermo Fisher).
Peptide separation was achieved using Acclaim PepMap 100
pre- (20 mm) and separation columns (250 mm) of 75 um
inner diameter and 3 pm particles (Thermo Fisher). Solvent A
was 0.1% FA in LC-MS grade water (v/v) and solvent B was
0.1% FA in LC-MS grade water and ACN (5/95, v/v).
Peptides were separated using a 180 min long gradient ranging
from 3—15% solvent B (after optimization with the predigested
HeLa samples from Thermo Fisher). The mass spectrometer
was run in a positive mode with full MS (m/z = 400—2000)
and data-dependent tandem mass spectrometry (ddMS2) with
top N set to be 10 ions. Raw files were processed and database
searches performed with Proteome Discoverer 2.3 (Thermo
Fisher Scientific), using MASCOT version 2.4 to search the
SwissProt database (human, 20 431 entries). Proteins were
identified with the following settings; peptide identification
with a false discovery rate (FDR) threshold of <0.01, protein
identification with a FDR threshold of <0.01 (strict) and
<0.0S (relaxed) and digestion by trypsin with at most one
missed cleavage. Dynamic modification was set to be oxidation
and acetyl (N-term), static modification was set to be
carbamidomethyl. Information on the elution profile and
fragment match spectrum of each of the identified peptides for
hCES1 (accession number P23141), hCES2 (also called
cocaine esterase, accession number Q00748), and UDP-
glucuronosyltransferase 2B7 (accession number P16662)
were obtained and verified by comparison with the raw file.

Calculation of Recovery. Recovery measurements were
performed using capillary electrophoresis with ultraviolet
spectroscopy detection (CE-UV) (see Supporting Information
for experimental description) with an initial analyte concen-
tration of S M. The recovery (%) was calculated using the
following formula

A
Zhinal o 100%

initial

R (%) =

where Ag,, and A, are the area of analyte collected in the
acceptor solution and the area of the analyte originally present
in the sample.

B RESULTS AND DISCUSSION

In this study, several analytical approaches were evaluated for
liver organoid drug measurements. With the future objective of
advancing to online analyses, EME was assessed in a 96-well
format (parallel EME) for the high-throughput clean-up of
analytes from the organoid cell medium, a method previously
shown to enable selective and fast extraction from complex
matrices (and also on-chip).** A conventional UHPLC-MS
method used for clinical routine analyses was applied to
explore the heroin-metabolizing properties of the paralle]l-EME
extracted liver organoids. To get an understanding of the
heroin-metabolizing liver enzymes present in the organoids, an
untargeted proteomic case study using nanoLC-MS was
undertaken. Lastly, two analytical approaches more suitable
for online action, limited samples, and increased sensitivity
were evaluated: CE, which is widely established for rapid on-
chip separations,“sf47 and nanoLC-MS, which allows high
sensitivity measurements.**

Parallel Electromembrane Extraction Optimization
for Heroin and Metabolites. To evaluate the potential of
MS for the analysis of liver organoids, heroin was chosen as a
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model substance due to its familiar phase I metabolism to 6-
MAM and morphine in the liver. To our knowledge, heroin
metabolism of organoids has not previously been studied with
mass spectrometric-based techniques. Although morphine
extraction with EME has previously been performed,* ™'
the extraction of heroin and 6-MAM with EME has, to our
knowledge, not previously been performed. Therefore, parallel-
EME conditions focusing on these three compounds were
initially assessed. The experimental conditions (Figure 3) were

Standard solutions
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= 6-MAM
= Morphine

Spiked cell medium samples

!
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&
K
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100
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80 == Morphine
60
40
20
0
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»

Figure 3. Analyte recovery (%) of paralle-lEME under varying
conditions (SLM composition, extraction voltage, and extraction
time), with S M standard solutions and spiked cell medium samples
using CE-UV for quantitation.

selected based on previous experience and literature
reports.*”*>% Due to the difference in the polarity of the
analytes, >30% recovery and <15% RSD were set as the
acceptance criteria of extraction performance. Best recovery
and repeatability for analytes in both standard solutions and
spiked cell medium samples were obtained using a parallel-
EME system comprising 10% (w/w) DEHP/NPOE as SLM,
an extraction time of 15 min, and an extraction voltage of S0 V.
From the cell medium, these conditions gave recoveries of 76%
(heroin), 82% (6-MAM), and 36% (morphine) and RSD
<10%, which was considered acceptable for the current
application. With these parameters, the average extraction
current was <50 pA per well throughout the extraction. The
extraction method was therefore not optimized any further.
Elevated voltages could possibly improve the recoveries but
can potentially also result in analyte degradation. In addition,
for increasing the accuracy, correction for nonexhaustive

https://dx.doi.org/10.1021/acs.analchem.0c05082
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Figure 4. Concentration of heroin and metabolites in a study of liver organoid drug metabolism using paralle]l-EME and UHPLC-MS after
incubation of liver organoids differentiated from the iPSC cell lines (A) AG27 (60 organoids) and (B) HPSI0114i-vabj_3 (20 organoids) in 10 uM
heroin for 1, 3, 6, and 24 h. In parallel, cell medium free from organoids was used as the drug degradation control sample. Each bar represents the
mean (+SD) of triplicate samples. One of the three replicates of time point 6 h liver organoids (HPSI0114i-vabj_3) was discarded. The asterisk
indicates the removal of one data point due to a poor internal standard signal.

extractions was done by spiking the samples with isotopically
labeled internal standards prior to extraction.

Parallel Electromembrane Extraction of Liver Orga-
noid Heroin Metabolites. Samples containing 20 and 60
liver organoids per well were exposed to 10 M heroin for 1, 3,
6, and 24 h. With the exception of 6-MAM and heroin at time
point 24 h, the sample-to-sample repeatability was 0.4—25%
with the two organoid iPSC sources (Figure 4A,B). Heroin
levels decreased with time to 6-MAM (both enzymatic and
nonenzymatic), and with subsequent enzymatic metabolism to
morphine, adding to the confirmation that the liver organoids
had traits related to human livers. Similar heroin metabolism
kinetics was also observed for liver organoids derived from
hepatocytes from one patient case (see Figure S2). However,
the kinetics were (expectedly) substantially slower than that
observed with, e.g., high enzyme-availability microsomes and
S-9 fraction,'”* see Figure $3; although parallel-EME and MS
are compatible with phase I metabolism monitoring, we were
not able to observe phase II metabolites morphine-3-
glucuronide (M3G) and morphine-6-glucuronide (M6G).
Traces of these metabolites could however be observed
when employing more manual, centrifugation-based sample
preparations (Figure S4). A key reason is a weakness of EME,
that highly polar compounds have low recovery; this can in
many cases be fine-tuned.>***

To complement the observations of the liver organoids
enzymatic heroin-metabolizing properties, a case study using
MS-based untargeted proteomics was undertaken. We could
identify the presence of proteotypic geptides (FDR < 1%)
related to the key liver enzymes®*™®° hCES1 (9 peptides
identified) and hCES2 (4 peptides identified) in the organoids
differentiated from the iPSC cell line AG27 (Figure SA—C, see
also Table S1 for peptide overview). Also, one peptide was
identified related to one of the heroin phase II metabolism
enzymes,33’57 UDP-glucuronosyltransferase 2B7 (Table S1).

Compatibility of Organoid EME Extracts with Various
Separation Techniques. The organoid EME extracts were
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analyzed using UHPLC-MS instrumentation, which provided
high-resolution separations within $ min (Figure SS). We have
also investigated other separation approaches that can be
compatible with small samples and online action. Capillary
electrophoresis, perhaps the most “chip-ready” of the
techniques investigated, was capable of fast separations of
organoid extracts (separation within 2.5 min) and low sample
consumption (injection volume equivalent to 107 nL), with
these initial experiments demonstrated with simple UV
detection (Figure S6). However, organoid incubation in SO
4M heroin was needed to achieve detection with CE-UV, and
thus no further quantification of the analytes could be
performed.

The limit of quantification (LOQ) for UHPLC-MS
measurements in this study was 1 nM (7 uL injection
volume). NanoLC, a sensitive approach that has been mostly
associated with proteomics in recent years, was seen to provide
0.95 pM detection (1 uL injection volume) for some small-
molecule analytes such as heroin (results not shown). For the
more hydrophobic analytes heroin and 6-MAM, the organoid
extracts analyzed with nanoLC-MS could thus be 1000 times
more diluted compared to that of UHPLC-MS analysis
without compromising the chromatographic performance or
sensitivity (Figure 6A). However, poor performance was
associated with the nanoLC-MS analysis of morphine, the
most polar of the metabolites observed; the chromatographic
peak was completely absent in the chromatograms of the
organoid extracts (Figure 6A) and sporadically very deformed
or absent in that of standard solutions. This was the case for
large volume injection, both using on-column injection and an
SPE column. We also examined the in-house-packed nano
reversed-phase (RP) LC columns which were more compatible
with highly aqueous mobile phases (Accucore and Atlantis
T3), but poor peak shape and breakthrough/poor retention
time repeatability were still issues. Various parameters were
tested, e.g,, sample loading time and maximum sample loading
pressure (of the Thermo nano pumps). To illustrate these

https://dx.doi.org/10.1021/acs.analchem.0c05082
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Figure 5. Total ion chromatogram of identified peptides (left) and the respective peptide fragmentation spectrum (right) of enzymes related to
heroin liver phase I metabolism. (A) Peptide AISESGVALTSVLVK (m/z 737.42) from hCES], identified at charge +2. (B) Peptide FWANFAR
(m/z 456.23) from hCES], identified at charge +2. (C) Peptide APVYFYEFQHQPSWLK (m/z 680.94) from hCES2, identified at charge +3.

effects, see Figure 6B, which shows that several loading times
were suited for 6-MAM and heroin using on-column injection,
but none were suited for morphine.

B CONCLUSIONS

Liver organoids and LC-MS measurements are a promising
concept for drug metabolism studies, here demonstrated for
heroin phase I metabolism. This concept can be well suited for
drug metabolism studies of other drugs, and direct measure-
ments of drug metabolism could also provide valuable insight
when optimizing organoid development protocols. A proteo-
mic case study using nanoLC-MS identified proteotypic
peptides from heroin-metabolizing enzymes, complementing
the observations of the liver organoids enzymatic heroin-
metabolizing properties. EME-MS was shown to be a
promising combination for the liver organoid-based analysis
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of drug metabolism. EME in a 96-well format (paralle]-EME)
was used to extract heroin and metabolites from various
organoids in a complex medium, followed by UHPLC-MS
measurements. In addition, the chromatographic performance
was not perturbed by the initial complex matrix (analyte
retention time repeatability with a maximum RSD of 0.07%),
suggesting that parallel-EME was a suitable basis for organoid-
derived sample preparation. It is reasonable to assume that the
approach can also be applicable to other organoid variants, e.g.,
kidney and heart. Paralle]l- EME was indeed an approach that
allowed multiple samples to be simply handled, more so than
standard approaches to related tissues (centrifugations, several
sample pipetting steps), which can allow higher throughput in
larger-scale studies. We are currently developing 96-well plates
made of conductive polymers, which we believe will be suited
for both cell studies and EME; this will reduce yet another step

https://dx.doi.org/10.1021/acs.analchem.0c05082
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Figure 6. (A) MRM chromatograms of heroin, 6-MAM, and morphine in the extracted liver organoid sample treated with 10 M heroin for 1 h
(AG27). The sample was analyzed using a two-column setup with Acclaim PepMap columns and injection volume of 2 uL. (B) MRM
chromatograms of a 375 nM standard solution containing heroin, morphine, 6-MAM, and their corresponding internal standards were analyzed
using the one-column setup equipped with an Acclaim PepMap commercially packed analytical column with different on-column loading times (1,

2, 3, and 4 min), and injection volume of 500 nL.

of sample handling. One disadvantage that needs to be
addressed is the difficulty in extracting very polar metabolites
with EME, and further optimizations will therefore continue.

Following this proof-of-concept study, we will continue to
explore iterations of the here presented EME configuration
with the aim of further increasing the sensitivity while retaining
robustness and scalability; a natural next step will be nanoliter-
scale online EME-LC-MS of organoid-derived samples.
Related systems have been demonstrated with microsomes,*
but those systems require larger separation columns and are
arguably not suited for trace samples. Due to challenges with
nanoLC, we will instead likely investigate the use of capillary
LC or microbore LC as a compromise between sensitivity and
robustness.
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Figure S-2. Liver organoid drug metabolism using Pa-EME and UHPLC-MS, after incubation of patient derived
liver organoids differentiated from primary human hepatocytes (20 organoids) in 10 uM heroin for 1, 3, 6- and

24 hours. In parallel, cell medium free from organoids were used as drug degradation control samples. Each
bar represents the mean (+ SD) of triplicate samples.
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Figure S-3. The concentration (uM) of heroin (0.1 uM final heroin concentration in incubation solution) and its
phase | metabolites 6-MAM and morphine in (A) 0.01 mg microsomes and (B) 0.1 mg/mL S9-fractions after
centrifugation based sample preparation. Separation and detection was performed using UHPLC-MS. Data

points represent the mean (x SD) of triplicate samples, and the solid lines represent model prediction.
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Figure S-4. Liver organoid drug phase | and Il metabolism measuring the concentration (uM) of heroin, 6-MAM,
morphine, morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G) with the use of centrifugation
based sample preparation and UHPLC-MS. Liver organoids differentiated from the iPSC cell line HPSI0114i-

vabj_3 (20 organoids) were incubated in 10 uM heroin for 0 and 24 hours. Each bar represent the mean (x

SD) of triplicate samples.
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Table S-1.ldentified peptides of the enzymes hCES1 (accession number P23141), hCES2 (accession

number O00748) and UDP-glucuronosyltransferase 2B7 (accession number P16662) related to heroin liver

metabolism, with annotated sequence, quality g-value, the total number (#) of protein groups identified with

the peptide, number (#) of peptide spectral matches (PSMs), peptide position in the protein, number (#) of

missed cleavages of the identified peptide. * The peptide is also identified in putative inactive

carboxylesterase 4 (CES1P1, accession number QOUKY3).

Annotated Sequence Quality  #Protein # Identified in Protein # Missed

g-value  Groups PS accesion number Cleavages
Ms [position in protein]

*[R].AISESGVALTSVLVK. 5.45707 2 3 Q9UKY3 [244-258]; 0

K] E-05 P23141 [243-257]

[R].FTPPQPAEPWSFVK.[ 5.45707 1 2 P23141 [65-78] 0

N] E-05

[K].FVSLEGFAQPVAIFLGI 5.45707 1 3 P23141 [37-64] 0

PFAKPPLGPLR.[F] E-05

[R.GNWGHLDQVAALR.[ 5.45707 1 7 P23141 [187-199] 0

W] E-05

[K].TVIGDHGDELFSVFGA 5.45707 1 3 P23141 [463-482] 0

PFLK.[E] E-05

[K.MVMKFWANFAR.[N] 0.00023 1 1 P23141 [495-505] 1
9472

[K].TAMSLLWK.[S] 0.00023 1 2 P23141 [377-384] 0
9472

[K].EGYLQIGANTQAAQK 0.00130 1 1 P23141 [524-538] 0

JL] 768

[K].FWANFAR.[N] 0.00525 1 1 P23141 [499-505] 0
625

[RI.APVYFYEFQHQPSWL 5.45707 1 2 000748 [431-446] 0

K.[N] E-05

[K].GANAGVQTFLGIPFA  5.45707 1 3 000748 [50-72] 0

KPPLGPLR.[F] E-05

[K].ADHGDELPFVFR.[S] 0.00023 1 3 000748 [455-466] 0
9472

[K].ALPQKIQELEEPEER.[ 0.00487 1 1 000748 [541-555] 1

H] 95

[K].ADVWLIR.[N] 1.5E-3 1 2 P16662 [253-259] 0
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Figure S-5. Chromatogram showing the separation of the analytes M3G, M6G, morphine, 6-MAM and heroin

with the use of UHPLC-MS.
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Figure S-6. Electropherogram of liver organoid drug phase | metabolism using Pa-EME and simple capillary
electrophoresis with ultraviolet spectroscopy detection (CE-UV), after incubation with liver organoids

differentiated from the iPSC cell lines AG27 (60 organoids) in 50 uM heroin for 6 hours.
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Additional experimental procedures

Heroin metabolism assay in microsomes and S9-fraction

A volume of 80 uL NADPH regenerating solution (Corning Incorporated, NY, USA) and 10
ML pooled human liver microsomes (XTreme 200 pool, final concentration 0.01 mg
protein/sample, XenoTech, Kansas City, KS, US) or S9-fraction (Xtreme 200 pool S9
fraction, 0.01 mg protein/sample, XenoTech) were added to Eppendorf tubes and pre-
incubated at 37°C for 10 min in a water bath. The heroin metabolism was initiated by adding
10 uL 1 uM heroin (final concentration 0.1 uM), and the Eppendorf tubes were vortexed
before incubation at 37°C for 0-20 minutes. The metabolism was terminated by addition of
10 yL 1.2 M formic acid followed by 10 pL of a 1.5 pM mixture of internal standards
(morphine-d3, 6-MAM-d6 and heroin-d9), and the samples were immediately vortexed for
30 sec. In parallel, drug degradation control samples (without microsomes or S9-fraction)

were prepared.

Sample preparation using centrifugation

Centrifugation was performed using a MiniSpin plus from Eppendorf (Hamburg, Germany),
or a Micro Star 17R from VWR or an Allegra X-15 R from Beckman Coulter (Brea, California,

USA). The samples were centrifuged at 4°C at 14 500 g for 10 min, and the supernatants

S-11



were transferred to auto sampler vials. The vials were kept on ice if analyzed the same day

as the experiment, or at -80°C until analysis.

Capillary electrophoresis with ultraviolet spectroscopy detection

The capillary electrophoresis (CE) separations with data handling were carried out using a
7100 CE instrument equipped with an on-column diode-array detector and a CE
Chemstation software from Agilent Technologies (Waldbronn, Germany). Separations were
performed using fused-silica capillaries from PolymicroTechnologies (Phoenix, AZ, USA),
with Lyt = 59 cm and Legr = 51 cm, 75 pm ID and 360 pm outer diameter (OD). The
background electrolyte (BGE) consisted of 30 mM ammonium formate adjusted to pH 8
using a 1 M solution of NaOH. Initial conditioning of a new capillary was carried out at a
pressure of 1000 mbar with 1 M NaOH (20 min), water (5 min) and BGE (20 min and for 5
min at +15 kV). Daily conditioning of the capillary was performed (1000 mbar) with 0.1 M
NaOH (5 min), water (2 min) and BGE (10 min and for 5 min at 30 kV). Before each injection,
the capillary was rinsed at a pressure of 1000 mbar with 0.1 M NaOH and water (0.5 min
each), followed by the BGE (3 min). Hydrodynamic injections were performed at 50 mbar:
starting with diluted BGE (9 +1, water + BGE) for 3 s, followed by the sample injection (15
s, equivalent to around 107 nL) and the BGE (3 s). Separations and measurements were

performed with an applied potential of +30 kV (25°C) and at an UV-absorbance of 214 nm.
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Direct Electromembrane Extraction-Based Mass
Spectrometry: A Tool for Studying Drug Metabolism

Properties of Liver Organoids

Froydis Sved Skottvoll,™® Aleksandra Aizenshtadt,” Frederik André Hansen,"
Mikel Amirola Martinez,™ Jannike March Andersen, Inger Lise Bogen,” Jérg P. Kutter,*

Stig Pedersen-Bjergaard,” Elsa Lundanes,™ Stefan Krauss,”™ and Steven Ray Wilson*!

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 puM 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"? Since the cells used to develop
liver organoids can be derived from individual patients, organo-
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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.”!

Liver organoids are typically studied/characterized with a
technical repertoire including immunofluorescence microscopy,
ELISA, RT PCR, and RNA-seq.”! 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.”> We have recently studied metabolism of liver
organoids with conventional “off-line” manual sample prepara-
tion steps (centrifugation steps, etc.) prior to LC-MS® (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.”

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).%% 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).'® 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'").

© 2021 The Authors. Analysis & Sensing published by Wiley-VCH GmbH.
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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 pm. 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).

SLM

Acceptor

.

@ Hydrophobic cation

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.

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)."? 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,"*"® 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.

Analysis & Sensing 2022, €202100051 (2 of 5)

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.">'®
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."” 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."® Thiol-ene additionally offers low shrinkage upon
polymerization, and is compatible with cell culture."” 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 pm 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,’” where the extraction chamber composed of
glass resulted in high methadone adsorption. To avoid
clogging observed under stagnant conditions, the acceptor

© 2021 The Authors. Analysis & Sensing published by Wiley-VCH GmbH.
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Figure 3. A) lllustration 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 uL 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.

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."5?" 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 15-50V range."” The voltage applied in this study,
shown to be favorable with regards to recovery, was 40V after
initial evaluation of 20V, 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 pL, allowing for an “under-filling” of
the 50 pL fraction (5-minute collection time) from the EME chip.

Due to the highly selective nature of EME,?"?? 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

Analysis & Sensing 2022, e202100051 (3 of 5)

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 puM range, in accordance with our previous
work.®'? The system was used to test drug metabolism of
methadone to its metabolites EDDP and EMDP by liver organo-
ids. Figure4 shows clean LC-MS chromatograms of the
methadone, EDDP and EMDP 24 hours after liver organoid
exposure to 1 uM 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-

© 2021 The Authors. Analysis & Sensing published by Wiley-VCH GmbH.
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Figure 4. Extracted ion chromatogram of methadone, EDDP and EMDP in
on-chip EME extracted liver organoids after 24 hours of incubation in T uM
methadone.

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®?* 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®® 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
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Figure 5. A) Peak area of methadone and EDDP from a representative study
of liver organoid drug metabolism in 1 uM methadone using incubation and
dEME, continuous sample transfer and capLC-MS/MS measurements. Meas-
urements were undertaken at the following time points; 0 hours, 20 min, 1,
2,3,5,8,16, 20, 22 and 24 hours. B) Metabolism of methadone in rats given
a single dose of methadone (2.5 mg/kg, s.c.). Data points represent the
mean (+ SD) blood concentrations (in uM) of methadone and EDDP (n=>5).
The animal experiments (Project ID: 1649) were approved by the Norwegian
Animal Research Authority (Norwegian Food Safety Authority, Oslo, Norway)
and performed in accordance with the laws and regulations controlling
experiments on animals in Norway. C) Metabolism of 1 uM methadone in
human liver microsomes. Data points represent the mean (+ SD) concen-
tration (in uM) of methadone and EDDP (n=3-4).

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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Experimental Procedures

Chemicals and Solutions

2-Nitrophenyl octyl ether (NPOE), ammonium formate (>99%), methadone hydrochloride (>98%), 2-Ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine (EDDP) perchlorate and formic acid (FA, reagent grade 95%) were purchased from Sigma Aldrich (St. Louis, MO).
LC-MS grade water and acetonitrile (ACN) were purchased from VWR (Radnor, PA). For UHPLC-MS, methadone hydrochloride, EDDP
perchlorate, methadone d3 and EDDP d3 was purchased from Chiron AS (Trondheim, Norway). Human liver microsomes (Xtreme pool
200) were from XenoTech (Kansas City, KS), and NADPH regenerating solution from Corning Incorporated (Corning, NY). Heparin
was purchased from LEO Pharma (Lysaker, Norway).

5 mM ammonium formate buffer (w/v) was made by dissolving ammonium formate in LC-MS grade water followed by pH adjustment
by the addition of FA to pH 3.1. A stock solution of 53 mM EDDP (w/v) was made by dissolving one ampule of 10 mg EDDP perchlorate
in 500 pL ACN (stored at -20 °C). A stock solution of 40 mM methadone (w/v) was made by dissolving 15 mg methadone in 1000 pL
ACN (stored at -20 °C). Working solutions of methadone (2 yM =WSM) were prepared freshly by diluting stock solution in FBS free
medium. Low concentration standards were prepared by diluting stock solution in 5 mM ammonium formate pH 3.1 or 0.1% FA (v/v).

Adult Liver Organoids

Cell culture: Cryopreserved primary human hepatocytes (PHH) (Lot HUM180201A from Lonza, Basel, Switzerland and Lot HU8287
from Thermo Fisher Scientific, Waltham, MA) were thawed according to vendor protocol. For the formation of liver organoids, PHH
were plated into Elplasia ultra-low attachment plates with microwells (Corning, NY) at the concentration 500 viable PHH/microwell.
PHH aggregation was facilitated by short centrifugation (100 g, 2 min). Adult liver organoids were cultured in Williams E medium
(Thermo Fisher Scientific) supplemented with 1% insulin-transferrin-selenium mix (ITS, Thermo Fisher Scientific), 10% fetal bovine
serum (FBS), and 0.1 uM dexamethasone (Bio-Techne Ltd., Abingdon, United Kingdom) for the first 3 days in culture. From day 4, half
of the medium was daily exchanged for the FBS-free media with the same formulation. 24h prior to the EME-chip experiments adult
liver organoids were incubated in FBS-free medium supplemented with 5 uM rifampicin (Sigma Aldrich) for induction of CYP3A4 activity.

Whole-organoid Immunofluorescence Staining and Confocal Microscopy

Adult liver organoids were washed in phosphate buffered saline (PBS, Thermo Fisher Scientific) and fixed with 4% formaldehyde
(Sigma Aldrich) for 20 min. Permeabilizaion and blocking was performed by incubation in PBS with 1% bovine serum albumin (BSA,
Sigma Aldrich), 0.2% Tritox-X100 (Sigma Aldrich) and 0.5% DMSO at RT for 2h with constant mixing, followed by 24 hours (at 4°C)
incubation with primary (anti-human serum albumin (PN ab2406, Abcam, Cambridge, United Kingdom) antibodies, and subsequently
with 2h incubation with Cy™3 AffiniPure Donkey Anti-Rabbit secondary antibodies (1:400, at RT) (Jackson Immuno Research, West
Grove, PA) diluted with 1% BSA, 0.1% Tritox-X100 in PBS. Nuclear counterstaining was performed with 1 pg/mL DAPI for 5 min at RT
(PN D9542, Sigma Aldrich). Confocal microscopy was performed on a Meta 710 laser scanning confocal microscope from Zeiss
(Oberkochen, Germany) using standard filters sets and laser lines with a 40X oil immersion objective. Images were acquired using Zen
software (Zeiss) as Z-stacks with 0.9 um spacing between stacks. The confocal images were analyzed using Fiji software [1]. Confocal
image was displayed as a resulting Z-stack of half of spheroid.

Adult Liver Organoid Functionality Test

Functionality of adult liver organoids was probed by analysis of albumin secretion and CYP3A4 activity. Culture medium of organoids
that were used for EME chip experiments was collected and albumin concentrations were determined by ELISA (Bethyl Laboratories,
Montgomery, TX). Albumin values were normalized to organoids number and size as determined from bright field imaging. CYP3A4
activity in rifampicin-treated and control organoids was measured by P450-Glo CYP3A4 cell-based Assay with Luciferin-IPA (Promega,
Madison, WI) according to the manufacturer's protocol. Results were normalized to ATP measured CellTiter-Glo 3D Cell Viability Assay
(Promega) according to the manufacturer's protocol.

Electromembrane Extraction Chip



EME chips/set-up were prepared similar to that described in Hansen et al. [2], but with a series of modifications allowing for more
rugged analysis of organoids. The chip was constructed with four layers, with the first three layers fabricated according to above-
mentioned previous report. The bottom layer had a microchannel (0.1 x 0.1x 15 mm) that held the acceptor solution, while the second
layer contained a porous polypropylene membrane (25 um thick, Celgaard 2500, Celgard, Charlotte, NC) laminated on top of the bottom
layer. For the third layer, thiol-ene was casted onto the porous membrane and sealed the pores, except a circular area of 0.28 mm2
above the acceptor channel that was kept free. The thiol-ene free porous membrane area was used to hold the SLM for EME. The final
layer comprised a layer to increase the thickness of the chip, and a reservoir to hold the donor solution (outer EME chip reservoir),
casted in thiol-ene as one piece. A separate well reservoir (inner EME chip reservoir) was made by laser cutting a sterile Corning®
HTS Transwell-96 Permeable Support, constituting the organoid chamber (5.0 um pore polycarbonate membrane, Sigma Aldrich). The
total inner/outer chamberl volume used in this study was 280 pL, while only 6 nL acceptor solution was in contact with the SLM. This
large difference in volume enabled the desirable combination of soft extraction and analyte enrichment.

Prior to use, a few microliters of NPOE was added to the porous membrane, and excess NPOE was removed with a wipe. The PEEK
tubing on the in/outlet of the EME chip channel was 0.39 ym ID and cut to be 80 mm (1/32 inch OD, IDEX Health & Science LLC, Oak
Harbor, WA), as 100 um ID was also associated with clogging at 37 °C. The chip channel inlet/outlet was connected to the PEEK tubing
using #6-32 coned fittings (Microtight, IDEX), a 3D-printed chip holder and cylindrical PDMS O-ring both fabricated in-house [2]. The
1/32 inch OD PEEK tubing was connected to the valve system using stainless steel reducing unions (Valco, Schenkon, Switzerland)
and Viper™ stainless steel capillaries (0.18 mm ID, 350 mm) from Thermo Fisher Scientific. A number of 50 organoids were placed in
the inner EME chip reservoir in 50 yL FBS free medium + 50 yL WSM (final concentration of 1 yM methadone). A volume of 90 uL
WSM was added to the outer EME chip reservoir, together with 90 yL FBS free medium (final concentration of 1uM methadone). A
platinum electrode was placed in the outer EME chip reservoir (positive electrode) and the two reducing unions were constituting the
negative electrode, all connected to an external power supply from Delta Elektronika (Zierikzee, Netherlands). A gas permeable
membrane plug (originally a part of an Agilent 1200 solvent degasser from Agilent Technologies, Santa Clara, CA) was capped onto
the reservoir construction to avoid sample evaporation.

The extraction voltage was controlled on and off via a relay from Sensata/Crydom (San Diego, CA) controlled by the LC software
(Agilent Chemstation). Voltage (40 V) was applied at 5 min for soft extraction of drugs and metabolites across the SLM and into the
acceptor solution (5 mM ammonium formate pH 3.1). The acceptor solution was continuously pumped through the microchip channel
(10 yL/min), using a syringe pump (World Precision Instruments, Sarasota, FL). The chip assembly was placed on a closed metal tray
on a modified Thermoshaker (PSC-20, Grant-bio, Cambridge, UK) for temperature control (250 rpm, 37 °C), monitored using a Temptec
termometer. The bottom of the tray was filled with water to prevent medium evaporation.

Valve System

The acceptor solution was continuously pumped to a 2-position 10-port stainless steel valve (VICI, Houston, TX). When voltage was
applied (extraction), the acceptor solution (5 min X 10 yL/min = 50 yL) was collected in a ~60 pL loop (0.5x 300 mm PEEK tubing,
IDEX). After collection, the loop was connected to the capillary LC-MS system (described in the next section), where the LC mobile
phase would pump the contents to the column for separation and detection. During LC-MS and other non-extraction events, the
acceptor solution was pumped to waste.

Capillary Liquid Chromatography and Electrospray Mass Spectrometry

Determination of methadone, EDDP and EMDP after EME-sampling was performed with an Agilent 1100 series pump equipped with
an Agilent 1200 autosampler from Agilent Technologies. The autosampler and pump was coupled to Quantiva (triple quadrupole) MS
with an electrospray ionization (ESI) interface from Thermo Fisher Scientific. The extracted sample was pumpet from the sample loop
and to the analytical column through a nanoViper™ fitting (50 um, 550 mm, Thermo Scientific). Separation was performed using a
HotSep® Sunniest C18 analytical column (150 x 0.5 mm, 3 um particles and 120 A pores) from GT Septech Teknolab (Ski, Norway).
The Agilent 1100 series pump was equipped with two solvent compartments (A and B), where A contained 5 mM ammonium formate
pH 3.1 (w/v) and B contained 0.1% FA in LC-MS grade water and ACN (5/95, v/v). The solvent compartment composition was initially
kept constant at 40% B during sample loading and refocusing. Then, a linear gradient was applied ranging from 40% to 85% B in 3.5
min at a flow rate of 15 yL/min. The ion spray voltage was set to 3.5 kV and the vaporizer temperature was set to 33 °C. The MS
operated in positive mode, with multiple reaction monitoring (MRM) transitions and collision energies (ce) for methadone (m/z 265.1>
310.1 at 15V and m/z 105> 310.1 at 29 V), EDDP (m/z 234.1> 278.1 at 31 V and m/z 186> 278.1 at 36 V) and EMDP (m/z 219.1>
264.1 at 31 V). Solvent gradients, valve positioning and MS acquisition was controlled by the Agilent LC software (Chemstation).

Live/Dead Staining

The viability of liver organoids after 24h incubation in the chip was tested using a Live/Dead assay (ThermoFisher Scientific) as
described by the manufacturer. Briefly, organoids were collected from EME chip, washed in D-PBS and incubated for 30 min at 37 °C
in a 5% CO2 incubator in 1 mL of culture media containing 1 pL of calcein AM solution and 5 pL of ethidium homodimer-1 solution.
Stained organoids were analyzed using a fluorescence microscope (Zeiss).

Metabolism Studies in Human Liver Microsomes
Human liver microsomes were stored at -80 °C. Eppendorf tubes added NADPH regeneration solution (final concentration 1.3 mM
NADP+, 3.3 mM glucose-6-phosphate, 0.4 U/ml glucose-6-phosphate dehydrogenase, 3.3 mM MgCI2) and human liver microsomes



(final concentration 1 mg protein/mL) were pre-incubated to 37 °C for 15 minutes in a shaking water bath. The reaction was initiated by
addition of methadone HCI (final concentration of 1 uM in a total volume of 100 pL) and stopped after 0, 5, 15, 30, 60, 120 and 240 min
by addition of ice-cold formic acid (final concentration 0.1 M). Internal standards (methadone-d3 and EDDP-d3) were added and the
samples mixed by immediate vortexing. The samples were centrifuged at 14500 x g and 4°C for 10 min and the supernatants were
transferred to autosampler vials. Drug degradation control samples, without human liver microsomes, were performed in parallel to
evaluate the stability of methadone at the incubation conditions.

The samples were analyzed by UHPLC-MS/MS using an Acquity UPLC system coupled to a TQ-MS with an electrospray ionization
interface (Waters, Milford, MA). Methadone, EDDP and EMDP were separated on an Acquity HSS T3 column (2.1 x 100 mm, 1.8 ym;
Waters) using gradient elution with a mobile phase consisting of 10 mM ammonium formate buffer, pH 3.1 (solvent A) and MeOH
(solvent B), a flow rate of 0.5 ml/minute and a column temperature of 65°C. The gradient had a total run time of 6 minutes with the
following profile: 0-0.5 minutes; 20% B, 0.5-1.0 minutes; 20-50% B, 1.0-4.0 minutes; 50-85% B, 4.0-4.1 minutes; 85-100% B, 4.1-5.0
minutes; 100% B, 5.0-5.1 minutes; 20% B. The injection volume was 5 pL. MS analysis was performed with positive ionization using
MRM mode. A capillary voltage of 1 kV, source temperature of 150°C, desolvation gas temperature of 500°C, cone gas flow of 60
L/hour and desolvation gas flow of 1100 L/hour were used. The MRM transitions for the compounds had the following values:
methadone: m/z 310.0 > 265.0 (cone voltage (cv) 40 V, ce 18 eV) and m/z 310.0 > 223.0 (cv 40 V, ce 18 eV), methadone d3: m/z 313.0
> 268.0 (cv 40V, ce 18 eV), EDDP: m/z 278.1 > 249.2 (cv 44 V, ce 24 eV) and m/z 278.1 > 234.1 (cv 44 V, ce 30 eV), EDDP d3 m/z
281.2>249.2 (cv 44, ce 24) EMDP: m/z 264.3 > 220.2 (cv 38 V, ce 32 eV) and m/z 264.3 > 235.2 (cv 38 V, ce 22 eV). Acquisition and
processing were performed using Masslynx software (version 4.1, Waters).

Metabolism Studies in Rats

Male Wistar rats (Mgllegaard Breeding Laboratories, Denmark) were injected with methadone (2.5 mg/kg, s.c.). At specified times after
injection (5—480 min) blood samples were taken from the tail vein. The blood samples were immediately transferred to microcentrifuge
tubes containing sodium fluoride (final conc. 4 mg/ml) dissolved in heparin (100 IU/ml), and frozen in liquid nitrogen. The blood samples
were analyzed by LC-MS/MS using a previously described method [3] with the inclusion of the analyte EDDP (m/z: 278.1 > 234.1). The
animal experiments (Project ID: 1649) were approved by the Norwegian Animal Research Authority (Norwegian Food Safety Authority,
Oslo, Norway) and performed in accordance with the laws and regulations controlling experiments on animals in Norway.



Results and Discussion

Figure S1. Live (green)/Dead (red) staining of adult liver organoids after 24 hours of incubation on-chip using a fluorescence microscope.
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Figure S2. A) Peak area of the methadone metabolte EMDP from a representative study of liver organoid drug metabolism in 1 uM methadone using incubation
and EME on-chip, continuous sample transfer and capLC-MS/MS measurements. Measurements were undertaken at the following time points; 0 hours, 20 min, 1,
2,3,5, 8,16, 20, 22 and 24 hours. B) Metabolism of 1 yM methadone in human liver microsomes. Data points represent the mean (+ SD, n=3-4) EMDP concentration
(MM).



Table S1.Measured concentration (uM) of methadone, EDDP and EMDP in drug degradation control samples, performed in parallel with the human liver
microsomes studies.

Time of Concentration Concentration Concentration
incubation = methadone (uM) EDDP (pM) EMDP (pM)

C-1-0min  0.902 0.002 0
C-2-0 min 0.921 0.002 0
C-3-0min  0.972 0.002 0
C-4-120 min  0.905 0.001 0
C-5-120min 0.9 0.001 0
C-6-120min  0.844 0.001 0
C-7-240 min  0.832 0.001 0
C-8-240min  0.825 0.002 0
C-9-240min 0.875 0.002 0
Methadone | | EDDP ' | EMDP
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Figure S3. Mean peak area (+ SD) of methadone and metabolites from the four studies of adult liver organoids drug metabolism in 1 yM methadone using incubation
and EME on-chip, and continuous sample transfer and capLC-MS measurements. Measurements were undertaken at the following time points; 0 hours, 20 min, 1,
2, 3,5, 8, 16, 20, 22 and 24 hours. Time point 8, 20, 22 and 24 was not measured in one of the four studies due to operational difficulties.
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