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In this study, we have aimed at developing a novel electrochemical sensing approach capable of detecting
dopamine, the main biomarker in Parkinson’s disease, within the highly complex cell culture matrix of
human midbrain organoids in a non-invasive and label-free manner. With its ability to generate organoty-
pic structures in vitro, induced pluripotent stem cell technology has provided the basis for the develop-
ment of advanced patient-derived disease models. These include models of the human midbrain, the
affected region in the neurodegenerative disorder Parkinson’s disease. Up to now, however, the analysis
of so-called human midbrain organoids has relied on time-consuming and invasive strategies, incapable
of monitoring organoid development. Using a redox-cycling approach in combination with a 3-mercap-
topropionic acid self-assembled monolayer modification enabled the increase of sensor selectivity and
sensitivity towards dopamine, while simultaneously reducing matrix-mediated interferences. In this work,
we demonstrate the ability to detect and monitor even small differences in dopamine release between
healthy and Parkinsons disease-specific midbrain organoids over prolonged cultivation periods, which
was additionally verified using liquid chromatography—multiple reaction monitoring mass spectrometry.
Furthermore, the detection of a phenotypic rescue in midbrain organoids carrying a pathogenic mutation
in leucine-rich repeat kinase 2, upon treatment with the leucine-rich repeat kinase 2 inhibitor Il underlines
the practical implementability of our sensing approach for drug screening applications as well as person-
alized disease modelling.

With yet unresolved etiology, Parkinson’s disease is the second
most common neurodegenerative disease worldwide." The
heterogeneous disease is characterized by the accumulation of
the protein a-synuclein and the loss of dopaminergic neurons
within the substantia nigra of the human midbrain. As a conse-
quence of dopamine (DA) depletion within the striatum,
Parkinson’s disease ultimately leads to a variety of debilitating
motor and non-motor symptoms.” Significant progress has

“Faculty of Technical Chemistry, Vienna University of Technology (TUW),
Getreidemarkt 9/164, 1060 Vienna, Austria. E-mail: peter.ertl@tuwien.ac.at
bDevelopmental and Cellular Biology, Luxembourg Centre for Systems Biomedicine
(LCSB), University of Luxembourg, 7 avenue des Hauts-Fourneaux, 4362 Esch-sur-
Alzette, Luxembourg

tElectronic supplementary information (ESI) available: Details on experimental
methods and results for: electrochemistry, LC-MRM-MS, cell culture and immu-
nohistochemistry (PDF). See DOI: 10.1039/d0an02206¢

1 These authors contributed equally.

§ Current address: Medical University Vienna, Austria

9§ Current address: Pregenerate GmbH, Vienna, Austria

2358 | Analyst, 2021, 146, 2358-2367

been made to unravel the underlying causes of the disease,
most notably through the identification of key risk factors of
genetic (e.g. SNCS, GBA, and LRRK2 genes) and environmental
origin (e.g. pesticide exposure).>® Among the genetic risk
factors one of the most common pathogenic modification is
the G2019S mutation of the leucine-rich repeat kinase 2
(LRRK2). This mutation has been associated with many heredi-
tary cases as well as sporadic cases of Parkinson’s disease, ren-
dering LRRK2 a potential target for novel drug candidates.’
Despite these advancements little is known about the complex
and time-dependent interplay of these predisposing risk
factors ultimately leading up to the onset of the disease. This
gap in knowledge is further reflected by the clinical need for
disease-modifying or neuroprotective strategies, which until
today remains unmet. The high failure rates of putative drug
candidates in clinical trials can be explained at least in part by
the inability of current disease models to adequately replicate
the hallmarks of the pathology.”” While existing animal
models have provided valuable information on partial aspects
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of the disease, they remain mere approximations, incapable of
recapitulating the degenerative nature of Parkinson’s disease.®
With the emergence of induced pluripotent stem cell (iPSC)
technology, however, opportunities to generate more physio-
logically relevant patient-derived in vitro models, including
that of the human midbrain, have opened up.” Human mid-
brain organoids (hMOs) represent a promising tool for model-
ling not only developmental but also degenerative processes of
the human midbrain in vitro.'®"" The analysis of hMOs is
limited to time-consuming and invasive strategies including
immunohistochemistry and PCR. In order to monitor crucial
aspects in organoid development such as differentiation,
disease onset, and progression, however, the development and
establishment of novel non-invasive sensing strategies are
imperative.'*™® Due to its involvement in the neurodegenera-
tive disease the catecholamine DA has been considered an
ideal biomarker.>'* Therefore, DA has been investigated with
several analytical approaches including chromatography,'>"®
spectrometry,’””'® and electrochemistry.”>*! The latter consti-
tutes the most straightforward, rapid, and multiplexable
among DA detection strategies.>*>® Electrochemical quantifi-
cation of DA encompasses several techniques including chron-
oamperometry, differential pulse voltammetry, as well as fast-
scan cyclic voltammetry.*® All these techniques were used to
detect the biogenic amine neurotransmitter DA in vivo (e.g. rat
brain),””*° in the human blood, as well as in vitro using two-
dimensional cell cultures.>® Although electrochemical analysis
techniques are powerful tools for the detection of electroactive
molecules such as DA, they have remained severely limited in
their applicability for biologically relevant implementations,
due to low neurotransmitter concentrations, rapid polymeriz-
ation of oxidation products, protein fouling as well as the pres-
ence of physiological interferences such as ascorbic acid (AA).
Due to its high concentrations within the matrix of interest
(e.g. cell culture medium, CSF), the negatively charged interfer-
ent AA (pH = 7.4) has been of particular interest in the devel-
opment of DA sensors. To that end several strategies have been
developed including the modification of sensor surfaces with
negatively charged functional groups (Nafion,*® self-assembled
monolayers®®?”), providing sterical hindrance by introducing
molecularly imprinted polymers*® as well as providing
increased specificity through the immobilization of enzymes.>
Among these, electrode modification using self-assembled
monolayers of 3-mercaptopropionic acid (MPA) has emerged
as an auspicious strategy for DA detection. This approach com-
bines the advantages of self-assembled monolayers namely the
ability to functionalize electrode surfaces in a simple, con-
venient and flexible manner with the ability of MPA to reduce
AA interferences and albumin adhesion via the electrostatic
force exerted by the negatively charged groups located at the
MPA’s tail.>” While these approaches have shown to improve
sensor selectivity, parallelization, throughput, and automation,
required to increase reproducibility, however, remain challen-
ging. Besides surface modifications, different electrode geome-
tries and setups have been considered to increase sensor per-
formance. One of which is redox cycling, a technique wherein
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diffusive mass transfer is improved by placing two working
microelectrodes in close proximity.*’*? In other words, by
keeping one microelectrode at an oxidizing potential (genera-
tor) and poising the other at a reducing potential (collector), a
reversible redox species such as DA, will undergo continuous
oxidation to the DA quinone at a generator electrode, followed
by diffusion as well as reduction to DA at a nearby collector
electrode. Due to the geometrical arrangement of the interdigi-
tated electrodes the diffusion layers of the collector and gen-
erator overlap, resulting in an optimized diffusive mass trans-
fer (DA and DA quinone) that will continuously replenish DA
at the generator electrode and DA quinone at the collector elec-
trode, ultimately resulting in signal amplification (see
Fig. 1).>* Interestingly, so far, published redox cycling-based
DA sensors are predominantly operated in simplistic matrices
(e.g. TRIS buffer) that do not account for protein fouling and
interferences typically encountered in biological applications.

In this study, we have combined the advantages of a redox
cycling approach with a sensor surface modification strategy
using self-assembled monolayers of 3-mercaptopropionic acid
(MPA) to detect DA in complex cell culture matrices. It is
important to note that DA, under physiological measurement
conditions, is a reactive and unstable molecule. In other
words, studying cellular dynamics in a time-resolved manner
requires the implementation of rapid in situ detection
methods. To demonstrate a broader applicability of our
sensing strategy, advanced iPSC-derived three-dimensional
hMOs were used to determine distinct differences in DA
release between isogenic pairs over prolonged cultivation
periods of up to 5 weeks. The results from our electrochemical
sensor subsequently were verified by liquid chromatography-
multiple  reaction = monitoring  mass spectrometry
(LC-MRM-MS). The practical applicability of our sensor was
demonstrated by the assessment of personalized treatment
options, wherein hMOs were treated with the LRRK2 inhibitor
II. We demonstrate that the LRRK2 inhibitor II can elicit phe-
notypic rescue within hMOs carrying a pathogenic mutation in
LRRK2-G2019S.

Methods

Chemicals

3-Mercaptopropionic acid (MPA), DA hydrochloride (DA-HCI),
L-DOPA, 1-DOPA-(phenyl-d;), DOPAC, y-aminobutyric acid
(GABA), (—)-epinephrine, (—)-norepinephrine, r-ascorbic acid
(AA), KNOjz; Na,S,05, EDTA and H,0, bought
from Sigma-Aldrich (Austria). Potassium hexacyanoferrate()
trihydrate was bought from Fluka, potassium hexacyanoferrate
(m) was bought from Alfa Aesar. KOH was bought from
Lachema, absolute ethanol was bought from CL Chemlab.
Formic acid LC-MS grade and acetonitrile LC-MS grade
were bought from Merck. DI water (18.2 MQ cm™') was
obtained with a Simplicity UV water purification system
(Merck). Phosphate Buffer Saline (PBS) 10X was bought from
VWR.

were

Analyst, 2021, 146, 2358-2367 | 2359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0an02206c

Open Access Article. Published on 17 febriar 2021. Downloaded on 6.2.2026 13:04:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Analyst
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Fig. 1 Schematic of the improved electrochemical dopamine (DA) detection method. On the left panel: the electrochemical set-up consisting of
two interdigitated electrodes (generator and collector) with a counter (CE) and a reference electrode (RE). On the right panels: the modification
process and its application. By employing thiol-modification a self-assembled monolayer of MPA is created on the gold sensor surface in order to
reduce negative interferences (top left and top right panels). Dopaminergic neurons within the hMO secrete DA within the synaptic cleft (bottom
left panel). Using redox-cycling on interdigitated and MPA modified gold thin-film electrodes DA can enter a cycle of oxidation (generator electrode)
to dopamine quinone (DAQ) and reduction to DA (collector electrode, bottom right panel), enabling its electrochemical detection. The image was

generated using Biorender.com.

Electrochemical methods

Prior to thiol modification, the interdigitated gold microsen-
sors (Micrux, ED-IDE3-Au, 5 pm gaps and width, 180 pairs of
fingers, 3.5 mm @ sensing area) were cleaned following a pub-
lished cleaning protocol by Heiskanen et al.>* Preceding the
cleaning process the electrodes were pre-treated by sonication
in isopropanol and water for 10 minutes each. Electrodes were
then submerged in a mixture of H,0, (25% v/v) and KOH
(50 mM) for 10 minutes, followed by a potential sweep from
—200 mV to —1200 mV (vs. Ag/AgCl) in 50 mM KOH. Before
electrode modification, the sensors were rinsed in DI water,
followed by absolute ethanol. The cleaned sensors were modi-
fied with MPA following the published protocol by Spégel
et al.>® To that end the microelectrodes were modified by a 2 h
incubation process in a 100 mM MPA solution in ethanol and
subsequently rinsed with ethanol and water to remove any
non-binding thiols. Modified electrodes were stored in perfo-
rated centrifuge tubes at room temperature.

MPA electrode modification was confirmed with electro-
chemical impedance spectroscopy, using a sinusoidal pertur-
bation of 10 mV amplitude, with a 100 mHz-100 kHz scan in a
solution of 5 mM potassium hexacyanoferrate(n) and 5 mM
potassium hexacyanoferrate(m) in 0.1 M KNOs.

The electrochemical setup was composed of the MPA modi-
fied interdigitated sensor containing two comb-like gold
working electrodes, with both gaps and band widths of 5 pm.
A Pt wire was used as a counter electrode and a chlorinated Ag
wire as a pseudo-reference. The 4-electrode electrochemical
cell was placed in a homemade Faraday cage and controlled by
a potentiostat (VMP3, Bio-Logic) connected in bipotentiostat
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mode using low current modules (Low current module, Bio-
Logic). 20 pL of each sample were applied on the interdigitated
circular sensing area. The potential program consisted in apply-
ing an oxidizing potential of +0.25 V at one electrode (genera-
tor), and a reducing potential of —0.1 V to the other one (collec-
tor) for 60 seconds (for potential optimization data see ESI
Fig. S2 and 37). For both electrodes averaged intensities were
recorded with an acquisition rate of 0.1 s and the readout was
the charge flown in the last 30 seconds. The signals were back-
ground subtracted (either PBS for characterization studies or
cultivated cell culture medium for hMO analyses). Stock solu-
tions were prepared freshly each day in nitrogen purged solvents
(DI water for stocks, PBS or medium for final dilution).

To ensure comparability and reproducibility of the sensi-
tivity within the experimental application of our sensor, we
have performed a DA calibration curve in cultivated medium
prior to each hMO supernatant analysis (accepted coefficient
of variance <10%). For each measurement the supernatants of
three organoids were pooled. Measurements were performed
in technical triplicates.

LC-MRM-MS analysis

The supernatant was mixed 1:1 with a preservation solution
(8 mM Na,S,05, 2 mM EDTA) and frozen at —80 °C for storage.
The frozen samples were thawed on the day of analysis and tri-
plicates of 50 pl were centrifuged at 12 000 rpm for 20 minutes
using 3 kDa MWCO centrifuge filters (VWR). The filtrate and
the standard dilutions used for calibration were spiked with
L-DOPA-(phenyl-d;) as internal standard to reach a constant
concentration in the injected samples. Samples were kept in

This journal is © The Royal Society of Chemistry 2021
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an autosampler at 15 °C and 1 to 5 pl were injected in the
UHPLC-MS/MS system (Shimadzu, LCMS-8060), equipped with
a C18 column (Waters, Acquity C18 SB, 150 mm length, 1.8 pm
particles, 2.1 mm ID, 100 A pore size), a precolumn cartridge
(Waters, Acquity UPLC HSS C18 VanGuard Precolumn, 5 mm
length) at 40 °C, using acetonitrile and 0.1% aqueous formic
acid as eluents (details see ESI Table S67). .-DOPA, GABA, epi-
nephrine, norepinephrine, DA and DOPAC were detected and
quantified by Multiple Reaction Monitoring (MRM, details for
MRM transitions and LODs and LOQs see ESI Tables S7 and
81). Analyte identification was guaranteed by the presence of
at least two analyte-specific MRM transitions. The loss of
sample during filter centrifugation was carefully validated and
monitored periodically. Based on this validation a correction
factor was introduced to take into account sample loss within
the final quantitation. The correction factor was calculated by
comparing the DA signal of a freshly cultivated cell culture
medium with a fresh standard solution in water.

hNESC maintenance, hMO generation and cultivation

Human neuroepithelial stem cell (hNESC, provided by the
University of Luxembourg) lines (see Table 1) were derived
from human iPSCs as previously described.”

For the generation of hMOs 3000 cells were seeded into
each well of an ultra-low attachment round bottom 96-well
plate (Greiner). Cells were incubated at 37 °C, 5% CO,. Seeded
cells were kept under maintenance conditions (1: 1 mixture of
DMEM-F12 (Sigma Aldrich) and Neurobasal medium (Gibco)
supplemented with 1:200 N2 supplement (Invitrogen), 1:100
B27 supplement lacking vitamin A (Invitrogen), 1%
L-glutamine, 1% penicillin/streptomycin (Invitrogen), 3 pM
CHIR-99021 (Axon Medchem), 0.5 pM SAG (Merck), 10 uM
SB-431542 (Ascent Scientific), 250 nM LDN (Sigma), 5 uM
ROCK-inhibitor (Sigma Aldrich) and 200 pM AA (Sigma)) for 7
days. Subsequently, pre-patterning was started by the withdra-
wal of LDN, ROCK-inhibitor and SB-431542. After 3 days the
concentration of CHIR was reduced to 0.7 pM. On day 9 of
differentiation, the medium was changed to neuronal matu-
ration medium including 10 pM DAPT, 500 uM dbcAMP, 10 ng
mL~" hBDNF and hGDNF (Peprotech), 1 ng mL™" TGF-p3
(Peprotech) as well as 2.5 ng mL™" Activin A (Thermo Fisher
Scientific). The organoids were kept under static culture con-
ditions with media changes every other to third day for up to

Table 1 hMO lines**”

hMO line CRISPR/Cas9 LRRK2 gene
Healthy No WT
Healthy-Mut Yes G2019S

PD2 No G2019S
PD2-GC Yes WT

PD1 No G2019S

Description of the used hMO lines with information on whether they
were gene edited (CRISPR/Cas9) and what sequence is found in the
LRRK2 gene (healthy (WT) or with the PD related mutation G2019S).
For further information, see ESI Table S10.}
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70 days. Subsequently, hMOs were fixed with 4% PFA at room
temperature overnight before being washed with PBS three
times. The drug screening experiment was performed by
adding the LRRK2 inhibitor II (Sigma-Aldrich) to the cell
culture medium (0.5 pM) from differentiation day 7, while the
control hMOs were cultured in cell culture medium containing
the vehicle (DMSO).

Immunofluorescence

Cultured and fixed hMOs were embedded in a 3% low-
melting-point agarose (Biozym) in PBS. Subsequently, 50 pm
thick sections were cut using a vibratome (Leica VT1000s) and
center-sections were used for assessing TH/FOXA2/TUJ1
expression. Prior to the immunostaining, sections were per-
meabilized using 0.5% Triton X-100 in PBS. Depending on the
antibody, permeabilization times varied between 30 min and
2 h. Unspecific antigen blocking was achieved by incubating
cut sections for 2 h in 2.5% donkey serum (Sigma-Aldrich,
D9663), 2.5% BSA, 0.1% Triton X-100 and 0.1% sodium azide,
followed by primary antibody incubation at 4 °C for 48 h on a
shaker. Antibodies were diluted in blocking buffer as follows:
rabbit anti-TH (1:1000, Abcam), chicken anti-TUJ1 (1:600,
Millipore). This was followed by the incubation with secondary
antibodies diluted in PBS containing 0.01% Triton X-100 and
Hoechst-33342 nuclear dye (1:1000, Sigma-Aldrich). All sec-
ondary antibodies (Invitrogen) were conjugated to Alexa Fluor
fluorochromes. Sections were mounted in Fluoromount-G
mounting medium (Southern Biotech) and analyzed employ-
ing a confocal laser scanning microscope (Zeiss LSM 710).

Results and discussion
Electrochemical characterization of the sensor

To verify successful electrode modification employing the orga-
nosulfur compound MPA, electrochemical impedance spec-
troscopy was employed. Impedance analysis of the MPA-modi-
fied interdigitated electrodes resulted in a significant increase
of the semicircle radius in the Nyquist plot, with an increase
of the charge transfer resistance from 0.9 + 0.1 kQ (mean + SD,
n = 3) for the control electrodes up to 3.5 + 0.3 kQ for the MPA
modified electrodes (see Fig. 2a). This increase in resistance to
charge transfer can be attributed to the successful immobiliz-
ation of the sensor surface with self-assembled monolayers of
MPA. In a subsequent experiment the effect of MPA modifi-
cation on sensor sensitivity and signal stability was assessed.
While results depicted in Fig. 2b show that MPA modification
has resulted in a lowered DA signal, as previously reported by
Tsai et al,” a significant reduction in signal drift was
observed (ESI Fig. S1 and Table S1t). This improved signal
stability points at the elimination of sensor surface fouling
events. To evaluate the effects of common interferents, sensor
responses to AA, norepinephrine, epinephrine, DOPAC,
-DOPA, and GABA were evaluated.> To match the concen-
trations of the respective cell culture medium, AA was set at a
concentration of 200 pM. The catecholamines norepinephrine,

Analyst, 2021, 146, 2358-2367 | 2361
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Fig. 2 (a) Nyquist plot of MPA modified and pristine electrodes. Dashed curves represent the fitting done using the Randles circuit; (b) Analysis of

5 pM DA in PBS over time (10 minutes) for MPA modified and control electrodes, including generator (Gen.) and collector (Coll.) signals; (c and d)
Generator and collector intensity signals (background subtracted, PBS) of AA and DA, of modified (MPA) and control electrodes, respectively.; (e and
f) Generator and collector signals for different biomolecules. (Last 30 seconds charge, background subtracted (PBS) and divided by the concen-
tration of the analyzed solution) DA (DA), norepinephrine (NEP), L-DOPA, epinephrine (EP), DOPAC, GABA and L-ascorbic acid (AA). Error bars rep-
resent the propagated standard deviation (n = 3), signals marked with the symbol () are not significantly different from the PBS background (a =

0.05, two tailed t-test).

epinephrine, DA, DOPAC and 1-DOPA were analyzed at a con-
centration of 5 uM, based on the levels of the most abundant
catecholamine in the medium: 1.-DOPA, which was assessed
during preliminary LC-MRM-MS studies (data not shown).
Similarly, GABA concentration was set at a concentration of
40 pM based on preliminary LC-MRM-MS studies (data not
shown). Due to its high concentration within the analyte and
its similar redox potential to the catecholamine DA, a particu-
lar interest of our interference study was concerned with AA
mediated signal contributions. While both DA and AA signals
decreased at the generator (see Fig. 2c) after MPA modifi-
cation, the AA signal was suppressed 5-fold stronger, thus dras-
tically reducing its interference potential. In turn, at the collec-
tor electrodes the AA signal contribution was completely elimi-
nated (see Fig. 2d) supporting previous findings which demon-
strate rapid hydrolysis of the oxidation product dehydroascor-
bic acid.**

While AA enhanced the DA signal at the generator elec-
trode, the presence of AA decreased the DA signal at the collec-
tor electrode. This observation can be explained by a previously
introduced hypothesis claiming that AA reduces DA-quinone
back to DA.*' This means that the DA-quinone reduction,
which results in an increase in DA concentration gradient at
the generator, enhances signal at the generator, while the
depletion of DA-quinone diminishes the signal at the collector

2362 | Analyst, 2021, 146, 2358-2367

(see ESI Fig. S471). Overall, these results demonstrate improved
DA detection at the generator in the presence of MPA-modified
electrodes. To further assess the influence and/or interference
of other neurotransmitters, background subtracted signals of
both generator (see Fig. 2e) and collector electrodes (see
Fig. 2f) with and without MPA modification were compared.
Similar to the effect seen for AA, MPA modification resulted in
significantly (p < 0.01) reduced sensitivities towards the inter-
ferents: .-DOPA, DOPAC, norepinephrine and epinephrine.

Notably, a particularly strong signal reduction was observed
in the case of negatively charged interferents such as .-DOPA,
DOPAC, and AA. This can be explained by the preferential
repulsion of anions by MPA, which at physiological pH is nega-
tively charged itself (see Fig. 2e and f).>” While the two cat-
echolamines epinephrine and norepinephrine displayed a
similar signal reduction to DA, which can be explained by
their similarity in molecular structure and redox potentials,
DA nonetheless resulted in the signal with the highest inten-
sity. This observation can be explained by the different intracy-
clization rates of DA-quinone (kps = 0.13 + 0.05 s~ '), norepi-
nephrine-quinone (kygp = 0.98 = 0.52 s™'), and epinephrine-
quinone (kgp = 87 + 10 s71).>® In order words, DA displays the
highest redox cycling signal while norepinephrine and epi-
nephrine display reduced or silent signals (epinephrine at the
collector).

This journal is © The Royal Society of Chemistry 2021
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While the MPA modification did not result in the elimin-
ation of the signals from both epinephrine and norepi-
nephrine, it has to be noted that these potentially interfering
neurotransmitters were undetectable (S/N < 3) in the hMO
supernatants, when assessed using LC-MRM-MS. Therefore,
the influence of epinephrine and norepinephrine on the
overall signal can be considered negligible. While r-DOPA
showed a higher selectivity (see Table 2) at the generator elec-
trode, LC-MRM-MS studies of the hMO supernatant detected
its presence in the micromolar range. This necessitates consid-
ering a potential signal contribution caused by 1-DOPA.
However, it is important to note that .-DOPA, being the precur-
sor of DA, might reinforce a phenotypic difference when the
generator electrode is employed in the comparative assessment
of healthy and diseased hMOs. More importantly, selectivity
over AA at the generator improved by 702% (see Table 2),
which is crucial given its high concentration in the cell culture
medium.

Next, the reproducibility of the sensor and its time stability
was assessed. Intra- and inter-batch variability were calculated
by analyzing DA sensitivities across three batches prepared on
different days, showing acceptable coefficients of variance (CV
< 10%, see ESI Table S2t). Time stability was monitored over a
period of 12 days showing no significant change (a = 0.05, see
ESI Fig. S51) in DA sensitivity over time. Finally, the effect of
long-term storage was evaluated by comparing DA responses of
electrodes (n = 3) directly after manufacture and after
20 months of storage, revealing an average loss of 33% sensi-
tivity, while maintaining comparable DA selectivity against AA
(mean + SD, 58 + 9, see ESI Table S3}). Overall, these results
show that the combination of redox cycling and MPA self-
assembled monolayers represent a promising strategy for the
noninvasive monitoring of hMOs in Parkinson’s disease
models.

Next, to evaluate sensor performance calibration curves of
the catecholamine DA were obtained for MPA-modified electro-
des in both PBS as well as cultivated cell culture medium (see
ESI Fig. S61). In both matrices the generator provided higher

Table 2 Biomolecule selectivity to DA

Selectivity to DA of MPA sensor (SD), %
change compared to unmodified sensor
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sensitivity, while the collector electrode allowed for higher
selectivity (only DA and norepinephrine could be detected).
Calibration in cultured medium resulted in decreased sensi-
tivities (slopes) at both the generator (—80%) and the collector
(—89%), as well as reduced linear ranges (see ESI Table S51),
highlighting the significant impact of complex matrices in DA
electroanalysis. As previously mentioned, by contributing to
the generator’s signal, .-DOPA will strengthen a phenotypic
difference between healthy and diseased hMOs. Taking this, a
higher noise and persistent negative interferences of AA at the
collector into consideration, only the generator signal was
used for the subsequent application of the sensor in hMO
supernatant analysis.

Neurotransmitter profiling using LC-MRM-MS

In order to verify our electrochemical sensor results, an
LC-MRM-MS method specific for hMO supernatants was estab-
lished. In particular, profiles of the neurotransmitters epi-
nephrine, norepinephrine, DA, GABA as well as the DA precur-
sor .-DOPA and the DA metabolite DOPAC were investigated in
this study. The method was optimized for analyte detection in
cell culture medium with minimum sample preparation to
detect and quantify the analytes of interest (chromatographic
details see ESI Fig. S7, Tables S6 and S71). LOQs ranged
between 8 nM (epinephrine) and 45 nM (1-DOPA) (details see
ESI Table S8t). Intra-day repeatability for hMO supernatant
analysis showed acceptable results revealing an averaged coeffi-
cient of variation <10%, see ESI Table S9.f LC-MRM-MS
results verified not only the presence of the neurotransmitters
GABA, 1-DOPA, DA and DOPAC in the supernatant of the ana-
lyzed hMOs, but also confirmed the ability of our electro-
chemical method to detect the presence of the catecholamine
DA within the matrix of the tested hMOs (see Table 3).

Electrochemical analysis of healthy and diseased hMOs

As practical application of our novel sensing strategy in
complex biological matrices, supernatants from hMOs derived
from five individual iPSC lines (see Table 1) were investigated.
In total, iPSC lines from one healthy (Healthy) and two dis-
eased individuals (PD1, PD2) carrying the pathogenic LRRK2-

Table 3 Biomolecule concentrations in the supernatants of hMOs
derived from four individual iPSC lines at day 60 of differentiation as
measured by LC-MRM-MS

Generator Collector
Norepinephrine 1.9 (0.05), +4% 3.7 (0.02), +30%
1-DOPA 15.8 (0.04), +419% Not detected
Epinephrine 2.2 (0.04), —=37% Not detected
AA 55 (0.04), +702% Not detected
DOPAC 115.2 (0.04), +934% Not detected
GABA Not detected Not detected

Selectivity was calculated as the ratio of the DA signal (nC/nM) and the
signal of each compound listed. Not detected: the compound’s signal
after electrode modification was not significantly different from
background (a = 0.05, n = 3, two-tailed t-test). The percentages indicate
the gain or loss in selectivity after the electrode modification. A
detailed version of this table is presented in the ESI Table S4.}

This journal is © The Royal Society of Chemistry 2021

Concentration (nM) (SD)

hMO line 1-DOPA DA DOPAC GABA

Healthy 1912.9 (81.5) 252.3 (6.8) 1066.5(58.4) 55120 (2826)
Healthy-Mut 1661.5 (49.3) 78.4(0.3) 271.1(1.7) 45641 (580)
PD2 1199.5 (93.8)  40.2 (1.6) 201 (9.4) 10 696 (515)
PD2-GC 1422.2 (107.5) 45.3(3.7) 259.8(25.9) 13840 (2068)

Norepinephrine and epinephrine signals were below the respective
LODs (35 nM and 320 nM respectively). Standard deviations (SD) were
calculated from a technical triplicate (n = 3) of a pooled hMO
supernatant (n = 3). For a description of the hMOs lines see Table 1.
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G2019S mutation were used in this study. To provide adequate
control lines, the iPSC line from the healthy patient was
genetically modified to carry the G2019S mutation in LRRK2
(Healthy-Mut), while the iPSC cell line from patient PD2 was
corrected for said mutation (PD2-Mut). To confirm successful
hMO maturation immunohistochemical analysis was per-
formed. Characteristic for differentiated hMOs, immunohisto-
chemistry revealed both TUJ1-positive neurons as well as tyro-
sine hydroxylase (TH) positive neurons in all of the analyzed
hMOs (see ESI Fig. S87).

Moreover, significant differences (p < 0.05, one tail t-tests)
in electrochemical sensor signals were obtained for the super-
natants of mature hMOs at day 60 of differentiation (see
Fig. 3a). Interestingly, differences in the DA levels were
observed not only between healthy and diseased organoids but
also within the individual isogenic pairs. In other words, the
introduction of a single mutation in the LRRK2 gene of
healthy organoids resulted in a significant reduction of DA
(Fig. 3a Healthy-Mut, —26% signal, p < 0.05), indicating that
the pathogenic G2019S mutation alone already causes a
reduction in DA biosynthesis, a hallmark of Parkinson’s
disease. Similarly, the correction for the pathogenic mutation

View Article Online
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in the diseased organoid (PD2-GC) resulted in a significant (p
< 0.05) increase in DA production. Notably, while the gene cor-
rection in the diseased organoid increased the sensor signal
by 65%, it is still significantly lower compared to the healthy
organoid (—34%, p < 0.01), highlighting the multifactorial
nature of Parkinson’s disease.

Since our redox-cycling sensor also detects the presence of
norepinephrine and epinephrine as well as the DA precursor
1-DOPA, albeit to a lesser extent, LC-MRM-MS was employed to
verify the obtained electrochemical results in more detail. In a
series of experiments, the supernatants of mature hMOs (day
60 of differentiation) were analyzed and listed in Table 3.
Similar to the electrochemical sensor, the LC-MRM-MS
method showed distinct differences between the individual
organoid lines regarding the neurotransmitter DA (e.g
Healthy-Mut, —69%). In addition, LC-MRM-MS analysis
revealed a decrease in both 1-DOPA (e.g. Healthy-Mut, —13%)
and DOPAC (e.g. Healthy-Mut, —75%) levels, while the two cat-
echolamines norepinephrine and epinephrine were undetect-
able. As such both 1-DOPA and DOPAC variations could poten-
tially contribute to the recorded signal at the electrochemical
sensor. However, sensor characterization has shown that MPA
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natant. Error bars: SEM, n = 3, background subtracted signals; (c) evaluation of the effect of LRRK2 inhibitor Il drug (0.5 pM) on healthy and
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modification provides good DA selectivity in the presence of
the two biomolecules.

In a subsequent experiment, the supernatant of growing
organoids was tested over a period of 37 days using our electro-
chemical sensor (see Fig. 3b). The first neurotransmitter
release signal (S/N > 3) was detected as early as day 23 of differ-
entiation, at which point already distinct differences in sensor
signals between healthy hMOs (Healthy) and healthy hMOs
carrying the mutation in LRRK2 (Healthy-Mut) could be identi-
fied. Interestingly, these early individual phenotypic differ-
ences were detected over the entire maturation period of 37
days, underlining the ability of the developed sensor for time-
resolved monitoring of hMOs.

In a final set of experiments, the potential of our redox-
cycling sensing approach for personalized drug screening appli-
cations was assessed, by treating healthy (Healthy) and CRISPR/
Cas9 mutated (Healthy-Mut) hMOs with the LRRK2 inhibitor II.
While no distinctive influence was detected for healthy hMOs, a
significant signal increase (+87%) was obtained following the
treatment of hMOs carrying the mutation in the LRRK2
(Healthy-Mut) gene (see Fig. 3c), thus indicating a phenotypic
rescue in the presence of the LRRK2 inhibitor II. This obser-
vation was further confirmed using LC-MRM-MS measurements
(Fig. 3d), where significant increases (p < 0.01) in DA (+67%)
and DOPAC (+40%) levels were detected when treated with the
kinase inhibitor LRRK2 inhibitor II.

In summary, the herein presented redox-cycling approach
not only reliably detected differences in the release of the cat-
echolamine DA in between individual hMOs in their complex
matrix in a time-resolved manner, but furthermore demon-
strated phenotypic rescue upon treatment with the kinase
inhibitor LRRK2 inhibitor II. As such it presents a powerful
tool for both in vitro disease modelling as well as personalized
drug screening applications.

Conclusions

Overall, the presented sensing approach combines the advantages
of selective electrode modification with a redox cycling-based
signal amplification strategy to detect DA release of hMOs in a
complex biological matrix. While the application of a self-
assembled 3-mercaptopropionic acid monolayer efficiently repelled
negatively charged molecules such as AA, 1-DOPA and DOPAC,
redox cycling of DA provided stable, reliable and robust current
signals. Using this novel combination, for the first time, time-
resolved, non-invasive and label-free detection of DA release was
conducted in supernatants of healthy and diseased hMOs. It is
important to note that no artificial exocytosis trigger was needed
for signal detection, thus making our redox cycling sensing
approach an ideal and non-invasive screening tool in neurobiology.

While the negatively charged biomolecules such as AA,
1-DOPA and DOPAC could successfully be repelled by the nega-
tive charge of the MPA modified sensor surface, interference
from the two catecholamines epinephrine and norepinephrine
was reduced by addressing their difference in intracyclization

This journal is © The Royal Society of Chemistry 2021
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rate through employing a redox cycling strategy. Although the
interference could not be eliminated, it has to be noted that
both biomolecules were not detectable in the supernatant of
the hMOs and as such can be considered negligible.

Using our sensing method even small differences between iso-
genic pairs of hMOs were detected, highlighting the influence of
individual genetic backgrounds in neurodegenerative diseases.
These differences across individual midbrain organoid lines were
monitored over a prolonged period of time (e.g. weeks and
months), making this approach a potential candidate for the
non-invasive monitoring of Parkinson’s onset and disease pro-
gression in patient-derived samples. Practical application of our
technology for personalized drug testing was demonstrated using
both healthy and LRRK2-G2019S mutated hMOs. Following treat-
ment with the LRRK2 inhibitor II, phenotypic rescue, expressed
by an increase of DA release, was detected only in hMOs carrying
the pathogenic mutation in the LRRK2-G2019S gene. In future,
we plan to expand our drug screening study to include a larger
number of patient-derived hMOs to evaluate different drug-candi-
dates, combinations thereof and dose-response relationships for
personalized therapy options in Parkinson’s disease.
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