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Abstract

Due to its ability to recapitulate key pathological processes in vitro, midbrain organoid technology has
significantly advanced the modeling of Parkinson's disease over the last few years. However, some
limitations such as insufficient tissue differentiation and maturation, deficient nutrient supply, and low
analytical accessibility persist, altogether restricting the technology from reaching its full potential. To
overcome these drawbacks, we have developed a multi-sensor integrated organ-on-a-chip platform
capable of monitoring the electrophysiological, respiratory, and dopaminergic activity of human
midbrain organoids. Our study showed that microfluidic cultivation resulted in a marked reduction in
necrotic core formation, improved tissue differentiation as well as the recapitulation of key pathological
hallmarks. Non-invasive monitoring employing an orthogonal sensing strategy revealed a clear time
dependency in the onset of Parkinson's disease-related phenotypes, reflecting the complex progression
of the neurodegenerative disorder. Furthermore, drug-mediated rescue effects were observed after
treatment with the repurposed compound 2-hydroxypropyl B-cyclodextrin, highlighting the platform's

potential in the context of drug screening applications as well as personalized medicine.
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1. Introduction

With a prevalence of 9.4 million, Parkinson's disease (PD) constitutes the second most common
neurodegenerative disorder worldwide.' Characterized by intracellular inclusions of a-synuclein and
the loss of dopaminergic neurons within the substantia nigra of the human midbrain, this heterogeneous
disease results in a variety of debilitating motor and non-motor symptoms.? Whereas the lack of disease-
modifying and neuroprotective strategies has restricted the treatment of PD to symptomatic control, the
development of new therapeutics remains hampered by the high failure rates observed in clinical trials.
This ill success of putative drug candidates can be attributed, at least in part, to the inability of current
disease models to replicate critical pathological hallmarks of the disease.® With the emergence of
induced pluripotent stem cell (iPSC)-technology, however, new possibilities toward physiologically
relevant and patient-specific in vitro models have opened up in the form of so-called "organoids".**
Organoids denote in vitro derived microtissues that, by undergoing some level of self-organization, can
recapitulate fundamental physiological facets of in vivo organs. Several organoid-based models of the
human brain have been developed so far, including microtissues of the forebrain, the hindbrain, and of
the midbrain, the afflicted region in PD.%® Midbrain organoid models not only exhibit essential features
of the tissue's three-dimensional (3D) cytoarchitectural arrangement and function but also mirror
pathological hallmarks of PD including dopaminergic neurodegeneration.’'? Despite these significant
advancements, however, several challenges persist, including the lack of specific cell types (e.g.,
endothelial cells), the tissue's immaturity, organoid variability, and nutrient deficiency-based growth
restrictions — a result of the organoid's inherent structure and the concomitant lack of vasculature.
Moreover, organoid technology still strongly relies (a) on unphysiological cultivation conditions that
omit critical biophysical cues and (b) on the use of invasive endpoint analyses that hinder the
investigation of progressive developmental processes. One important biophysical cue that has been
largely overlooked is the brain-specific interstitial fluid flow, which has been linked to a variety of
essential functions, including the delivery of nutrients, the removal of metabolic and neurotoxic waste,
non-synaptic cell-cell communication, tissue homeostasis as well as cell migration.'*'* Moreover, as
part of the so-called "glymphatic system" — a glial-mediated clearance system of the human brain —
interstitial fluid flow has been connected to exacerbated protein deposition in models of Alzheimer's
disease and PD as well as to the delivery and clearance of drugs, making it of considerable importance
in the context of pharmacological screening applications.'*!>!¢

One technology capable of applying defined flow profiles, fluid velocities, and shear forces is
microfluidics.'” Its ability to reproducibly control various parameters such as mechanical stimulation,
laminar fluid dynamics (e.g., perfusion), temperature profiles, and gaseous permeability has already led
to the successful recreation of various tissue models in vitro in the form of so-called organs-on-a-chip.'®
20 Although organ-on-a-chip technology has expanded massively over the last decade, only a handful

of studies have set out to combine brain organoids with organ-on-a-chip technology.”*'* For example,
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brain-on-a-chip platforms have already been successfully employed to assess the effects of prenatal
exposure to various neuroteratogens such as cadmium, nicotine, and cannabis, to study the physical
underpinnings of human brain folding as well as to model neural tube development in vitro.”***27 A
more recent study by Cho ef al.** demonstrated significant improvements in the functional maturation
of human brain organoids embedded within a brain extracellular matrix enriched hydrogel using
gravity-driven flow. Next to improved cellular viabilities and reduced necrotic cores, dynamic
cultivation could markedly reduce organoid size variation from a coefficient of variance of 43.4 % to
17.4%. However, none of the above-referenced studies have investigated neurodegenerative processes

or exploited the potential of microfluidic technology to integrate in-line sensing strategies needed to

increase analytical accessibility, a prerequisite of any high-quality in vitro tissue model.

Here, we present, for the first time, a multi-sensor integrated microfluidic platform for the dynamic
long-term cultivation and analysis of human iPSC-derived midbrain organoids. The main design feature
of the organoid-on-a-chip platform consists of unidirectional medium flow through three interconnected
chambers, each equipped with an optical, electrical or electrochemical microsensor (Fig. 1). Dynamic
cultivation of the organoids is accomplished by combining a hydrogel-based flow restrictor with
gravity-driven flow to simulate interstitial flow profiles.” To provide information on essential cellular
parameters, including cell growth, metabolic activity, tissue viability, and differentiation, as well as
cellular pathology, an optical, luminescent-based oxygen sensor spot is located in the organoid
chamber.’*>? Additionally, a multi-electrode array is integrated to non-invasively monitor the
electrophysiological activity of neuronal processes, an essential prerequisite for functional cell coupling
and tissue maturation. Furthermore, an enzyme-based amperometric sensor is introduced into the
downstream compartment to monitor the release of the neurotransmitter dopamine, as it directly reflects
the maturation progress and pathological status of midbrain tissues. As this study sets out to investigate
pathophysiological alterations in PD, midbrain organoids derived from a PD patient carrying a
triplication mutation of the a-synuclein gene (3xSNCA) have been selected. Under physiological
conditions, a-synuclein modulates crucial cellular processes such as synaptic vesicle trafficking,
neurotransmitter release, and neuronal differentiation.>>** Due to its structural instability, however, a-
synuclein can adopt several conformations that favor oligomerization and aggregation, which have been
associated with neurotoxicity and neurodegeneration.”> Elevated levels of a-synuclein (e.g., through
multiplications of the gene) further reinforce the protein's propensity to aggregate and have been
associated with full PD penetrance.’**® We have previously shown that the compound 2-hydroxypropyl
B-cyclodextrin (HP-B-CD) can rescue PD-related phenotypes in a personalized PD model carrying
biallelic pathogenic variants in the PINK1 gene by elevating the neuronal autophagy and mitophagy
capacity.” Autophagy dysregulation has been implicated in many genetic models of PD including that

of a-synuclein, rendering HP-B-CD, an ideal candidate for the evaluation of the microfluidic platform.
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Thus, in our final set of experiments, the multi-sensor integrated platform is employed to investigate

the dynamic exposure of HP-B-CD on PD onset and progression.

2. Results and Discussion

2.1 Hydrostatic pressure-driven flow emulates cerebral interstitial fluid flow regimes in vitro

To account for interstitial fluid flow in our sensor-integrated in vitro model, a combination of
hydrostatic pressure-driven flow and hydrogel-based fluid restriction was explored.” As depicted in
Figure 1A, each cultivation chamber of the PDMS-based organ-on-a-chip platform is comprised of
three individual compartments interconnected by two micropillar arrays. While the two outer chambers
form the medium channels, the middle chamber is designed to accommodate the differentiating human
midbrain organoid (hMO) in a three-dimensional matrix, emulating in vivo elasticities (Matrigel®).***!
To facilitate the reproducible positioning of the organoids in the microfluidic device, a 250 pm deep
cylindrical well was integrated at the bottom of the central hydrogel chamber (Fig. 1B). Hydrostatic
pressure-driven flow is generated by filling up both reservoirs of the supply channel (left medium
channel), which subsequently directs medium flow through the hydrogel matrix and the embedded
microtissue within towards the waste compartment (right medium channel) (Fig.1B). Therefore,
nutrient supply is no longer restricted to diffusion, but nutrients are actively transported to the embedded
organoid via convective flow. It is important to note that the integrated hydrogel-restrictor keeps shear
forces at a minimum, thus fulfilling an essential requirement in the cultivation of neuronal microtissues.
To gain a deeper understanding of the applied flow behavior within the microfluidic platform, a
computational fluid dynamic (CFD) simulation was performed. In-silico analysis demonstrated that the
main pressure drop occurs at the hydrogel interface (Fig. 1C), resulting in a highly uniform volume
flow with parallelly aligned streamlines (Fig. 1C) throughout the central part of the organoid cultivation
compartment (SI Fig. 1B). At a level difference of 3 mm (equivalent to approx. 30 Pa pressure
difference), an average flow velocity of 0.71 um/s was observed, indicative of an interstitial fluid flow
regime (Fig. 1C). Based on the established CFD model, an initial reservoir pressure difference of 3 mm
was selected to drive interstitial fluid flow through the hydrogel and thus provide optimal culture
conditions for the embedded organoid. Over a period of 24 hours, hydrostatic pressure-driven flow
profiles followed an exponential decay resulting in a 1.8-fold higher influx during the first 6.5 hours of
dynamic exposure (SI Fig. 1D). This behavior correlates well with recent findings that the glymphatic
system is under circadian control, featuring significantly higher glymphatic influx and thus clearance

during resting compared to active phases.***
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Figure 1: Render of the PDMS-based microfluidic device (Fusion 360) comprised of three individual culture chambers, including the
positioning of 1. the optical oxygen sensor, 2. the multi-electrode array (MEA), and 3. the electrochemical dopamine sensor. (A). Cross view
and top view of the microfluidic organ-on-a-chip platform (B). Results of the CFD simulation depicting the pressure profile on-chip (left
panel) and the generated laminar flow profile (vight panel) (C). Workflow of organoid maturation and microfluidic cultivation (D).
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2.2 Dynamic cultivation significantly reduces the necrotic core formation and improves

neuronal differentiation

Initial on-chip studies, employing healthy midbrain hMOs focused on assessing the effects of a dynamic
cultivation milieu on both nutrient supply as well as tissue differentiation. To that end, WT hMOs were
introduced either into the microfluidic device (see Fig.2A) based on the workflow depicted in Figure
1D or cultivated in a conventional static tissue culture plate set-up. Neurite outgrowth is essential for
the formation of mature neuronal networks and can therefore be considered an important indicator of
tissue differentiation. As depicted in Figure 2D/F, exposure to interstitial fluid flow rates significantly
enhanced neurite outgrowth, with a 1.5-fold higher average maximum neurite outgrowth rate in
dynamically cultivated microtissues compared to static controls already 24 hours into the on-chip
cultivation. Since insufficient nutrient supply in organoids is generally linked to the formation of so-
called "dead cores," WT hMOs were analyzed for the apoptotic marker caspase 3 after 35 days of
differentiation. Strikingly, a 2-fold reduction in the normalized caspase 3 signal was observed in the
presence of interstitial flow conditions (Fig. 2E/G), strongly pointing at improved nutrient availabilities

under convective mass transfer.
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Figure 2: Brightfield image of an embedded hMO on-chip (A). Alignment of glial and neuronal processes in the direction of the applied
flow: TH (red), GFAP (green), MAP2 (magenta) (B). Growth curve of midbrain microtissues on-chip. Statistical significance by mixed-
effects analysis and Tukey test *p<0.033, **p<0.002, ***p<0.001 (n=8-10 from 3 independent organoid generations) (C). Brightfield
images of statically (top panel) and dynamically (bottom panel) cultivated hMOs depicting differences in neurite outgrowth (left panel)
(D). Boxplot of maximum neurite outgrowth rates of statically and dynamically cultivated hMOs. Statistical significance by Mann-Whitney
test *p<0.033, **p<0.002, ***p<0.001. (n >= 3, from 3 independent organoid generations) (F). Micrographs and the respective
quantitative analysis of immunohistochemically stained sections of hMOs depicting significant differences in the apoptotic marker
caspase 3 after 35 days of differentiation. Statistical significance by Welch t-test *p<0.033, **p<0.002, ***p<0.001. Column and error
bars represent mean + SEM (n >= 3, from 3 independent organoid generations) (E,G). Whole-mounted midbrain organoid after 60 days
of differentiation: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (H). Enlarged detail of the core of the whole-mounted hMO
(H) at a magnification of 60x (I). Immunofluorescence staining of MAP2-positive neurons (J). Immunofluorescence staining of GFAP-
positive astrocytes (K). Immunofluorescence staining of TH-positive dopaminergic neurons (L). Brightfield image (right panel) of
neuromelanin aggregates in a midbrain organoid and the corresponding Fontana Masson staining revealing intra- and extracellular
neuromelanin aggregation (left panel) (M).
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Overall, morphological assessment of dynamically cultivated microtissues revealed a significant
increase in hMO size over time, ranging from 0.87 + 0.17 mm? at day 7 to 1.87 + 0.3 mm? at day 42
(Fig. 2C). In addition, immunofluorescence analysis of WT hMOs after 50 days in dynamic culture
revealed the presence of key midbrain-associated cell types including microtubule-associated protein 2
(MAP2)-positive neurons (Fig. 2J), tyrosine hydroxylase (TH)-positive dopaminergic neurons (Fig. 2L)
as well as glial fibrillary acidic protein (GFAP)-positive astrocytes (Fig. 2K). Unexpectedly, a
unidirectional interstitial fluid flow resulted in the alignment of both neuronal and glial cellular
processes, clearly reflecting the parallel arrangement of the simulated streamlines as seen in Figures 1C
and 2B. Occasionally, neuromelanin-like granules were detected within hMOs on-chip starting at about
30 days of differentiation (Fig. 2M/SI Fig.2A). Fontana-Masson staining confirmed the presence of
both extra- and intra-cellular neuromelanin deposits, indicating that this physiological pigment, which
is inherent to the substantia nigra, gets secreted within hMOs on-chip. To further support the
observation that interstitial fluid flow improves midbrain tissue differentiation a comparative whole-
mount analysis of WT hMOs was conducted after 50 days of on/off-chip culture. In addition to robust
neuronal differentiation, dynamically cultivated microtissues displayed substantial glial differentiation,
characterized by the presence of highly ramified GFAP-positive astrocytes. Moreover,
immunofluorescence analysis of whole-mounted hMOs revealed a 2.1-fold higher TH/MAP?2 ratio, as
well as a 1.4-fold higher GFAP signal for dynamically cultivated hMOs compared to static controls (SI
Table 1), pointing towards improved microtissue differentiation on-chip. In summary, the introduction
of hMOs into our microfluidic platform not only supported tissue differentiation but also resulted in a

marked improvement of one of the key limitations in organoid technology: insufficient nutrient supply.

2.3 Patient-specific hMOs (3xSNCA)-on-chip recapitulate key pathological hallmarks of
PD

Following the establishment of a healthy microphysiological midbrain model, organoids derived from
a PD patient carrying a triplication mutation of the a-synuclein gene were added to the study. A
combination of morphological and immunofluorescence analysis was performed to verify the presence
of PD phenotypes. Figure 3A shows the organoid growth dynamics of healthy and PD hMOs featuring
distinct differences over a seven-week on-chip cultivation period. While WT (healthy) hMOs followed
a linear trend that plateaued at around day 42, 3xSNCA hMOs displayed a complex dynamic growth
behavior that can be characterized by an initial steep incline (D7-14), followed by a steady increase that
subsequently declined by day 42. Whereas the organoid growth rates of healthy hMOs did not markedly
change during the first 35 days of cultivation (0.033 + 0.01 mm? day), the growth rates of PD hMOs

displayed a progressive decline over time ranging from 0.082 mm?* day on day 14 to 0.031 mm?/ day
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at day 35 (SI Fig. 3A). Upon comparison to their healthy controls, PD hMOs exhibited a 1.3-fold bigger

cross-sectional area, with an up to 2.3-fold higher growth rate in the first phase of cultivation.
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Figure 3: Growth curve of healthy and PD hMOs on-chip. Statistical significance by mixed-effect analysis and Tukey test *p<0.033,
**p<0.002, ¥***p<0.001 (n=8-10 from 3 independent organoid generations) (4). Image of an immunofluorescence-stained healthy hMO after
60 days of differentiation on-chip: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (B). Image of an immunofluorescence-stained PD
hMO carrying a triplication mutation of the a-synuclein gene after 60 days of differentiation on-chip: TH (red), GFAP (green), MAP2
(magenta), nuclei (blue) (C). Comparative analysis of organoid roundness of WT and 3xSNCA hMOs at D31 of differentiation. Statistical
significance by Welch'’s t-test *p<0.033, **p<0.002, ***p<0.001. Column and error bars represent mean = SEM (n=8-10 from 3 independent
organoid generations) (D). Micrographs of 100 um-thick sections of PD hMOs depicting the colocalization of a-synuclein and p-S129-a-
synuclein after 60 days of differentiation on-chip (E). Quantitative analysis of immunofluorescence-stained WT and PD hMOs revealing
significantly reduced levels of TH/MAP? ratios. Statistical significance by Mann-Whitney test *p<0.033, **p<0.002, ***p<0.001. Column
and error bars represent mean + SEM (n=6-8 from 3 independent organoid generations) (F) Quantitative analysis of immunofluorescence-
stained WT and PD hMOs revealing significantly reduced levels of GFAP-positive astrocytes. Statistical significance by Mann-Whitney test
*<0.033, **p<0.002, ***p<0.001. Column and error bars represent mean + SEM (n=6-8 from 3 independent organoid generations) (G).
Lewy-body-like inclusions observed in 100 um-thick sections of 3xSNCA hMOs after 60 days of differentiation on chip (H).

The observation that 3xSNCA hMOs displayed a rapid size increase early on followed by a reduction
in cell mass after 42 days correlates well with our previous findings that neurogenerative degeneration
in 3xSNCA hMOs is preceded by an overproduction of the dopaminergic neuron population at early

stages of differentiation.** Figure 3D further shows that 3xSNCA hMOs displayed aspherical
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morphologies, as characterized by a significant reduction in organoid roundness from 0.92 for WT
hMOs to 0.83 for 3xSNCA hMOs. Most importantly, immunofluorescence analysis of both healthy
controls and 3xSNCA hMOs after 60 days of differentiation revealed a significant (3-fold) reduction in
TH-positive dopaminergic neurons within patient-specific microtissues (Fig. 3F) — indicative of a
neurodegenerative phenotype. Moreover, a significantly lower number of GFAP-positive astrocytes
was detected in PD hMOs, in line with previously reported pathology-associated impairments in glial
differentiation.* Further analysis of PD hMOs (Fig. 3E) revealed the presence of both a-synuclein as
well as p-S129-a-synuclein — a post-translationally modified version, which was found to be enriched
in newly formed aggregates in vivo.* Colocalization of p-S129-a-synuclein and a-synuclein was
validated by calculating the Pearson's correlation coefficient (>0). Intriguingly, immunofluorescence
analysis additionally pointed towards the presence of Lewy body-like inclusions (the second hallmark
of PD), as characterized by a peripheral halo, enriched in both a-synuclein and p-S129-a-synuclein and
an electron-dense core (Fig. 3H and SI Fig. 3C).* This means that two key pathological hallmarks of
PD, namely neurodegeneration and a-synuclein aggregation in the form of so-called Lewy-bodies, were

observed after 60 days of dynamic culture.

2.4 Orthogonal sensing enables the time-resolved monitoring of PD-related phenotypes

To demonstrate the analytical accessibility of our microfluidic midbrain organoid model, three non-
invasive orthogonal sensing strategies (Fig. 1A) were evaluated in subsequent experiments to follow
the onset and progression of (patho)physiological phenotypes. Figure 4A shows the position and
working principle of the luminescence-based oxygen microsensors integrated into the microfluidic
platform. Monitoring of healthy hMOs revealed a clear correlation between organoid growth and
respiratory activity within the first 21 days of cultivation, resulting in an average normalized oxygen
demand of 119.9 + 4.4 hPa/mm? (Fig. 4B). Comparative analysis of both healthy and 3xSNCA hMOs,
shown in Figure 4D, revealed a significantly higher respiratory activity in PD microtissues over a
cultivation period of 7 weeks. Similar to the complex growth behavior seen above (Fig. 3A), the oxygen
demand of PD hMOs displayed high initiating demands of 137.7 + 30.4 hPa, plateauing around
164.74+4.1 hPa at day 21, before eventually dropping to 155.1 £ 10.5 hPa around day 42. These results
align well with our previous findings that neurodegenerative processes in 3xSNCA hMOs are preceded
by an overproduction of the dopaminergic neuron population (e.g., high mitochondrial activity) early
on.* In turn, healthy hMOs displayed a steady increase in oxygen demand from 112.6 = 35.85 hPa at
day 3 to a peak of 159.7 + 17.8 hPa at day 21, followed by a subsequent decline in respiratory activity
between day 21 and day 42. This dynamic respiratory profile of healthy hMOs might reflect the
chronology of brain development where neurogenesis (e.g., high mitochondrial activity) precedes

astrogenesis (e.g., glycolytic metabolism).*”*® In an attempt to account for cell number variations
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between healthy and PD hMOs, organoid size-corrected data was calculated, revealing an inverted
respiratory behavior. Results in Figure 4F point towards a significantly lower normalized oxygen
demand in PD microtissues, indicative of impaired cellular respiration. To verify whether the reduction
in normalized oxygen demand in PD hMOs can be linked to increased levels of aggregated a-synuclein,
which has previously been shown to bind to and impair mitochondria,” a comparative
immunofluorescence analysis was performed. Quantitative image analysis using an in-house-developed
algorithm confirmed elevated levels of p-S129-a-synuclein in 3xSCNA hMOs in relation to healthy
controls (Fig. 4G). To subsequently ensure that reduced normalized oxygen demands of 3xSNCA hMOs
are caused by impaired mitochondrial physiology, fluorescence analysis employing a TOM20 antibody
was performed. Indeed, distinct differences encompassing a significant reduction in the overall
mitochondria count, reduced mitochondrial complexity, as well as lower mitochondria numbers within

dopaminergic neurons were detected for PD hMOs (Fig. 4E/C).
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Figure 4: Schematic of the arrangement and working principle of the optical oxygen sensor (4). Correlation between healthy hMO growth
and oxygen demand over 21 days of on-chip cultivation (B). Violin plot revealing elevated p-S129-a-synuclein to a-synuclein ratios in 3xSNCA
hMOs (G). Heatmap providing an overview of altered mitochondria markers observed in 3xSNCA hMOs. (n >= 3 from 3 independent organoid
generations) (C). Fitted oxygen demand profiles of healthy and PD hMOs over a cultivation period of 42 days (D). Fitted normalized oxygen
demand profiles of healthy and PD hMOs over a cultivation period of 42 days (F). Comparative analysis of healthy and PD hMOs revealing
significantly reduced mitochondria body counts in 3xSNCA hMOs. Column and error bars represent mean +SEM (E). (D,F) Statistical
significance by mixed-effect analysis and Tukey test *p<0.033, **p<0.002, ***p<0.001 (n=8-10 from 3 independent organoid generations).
(E,G) Statistical significance by Mann-Whitney test *p<0.033, **p<0.002, ***p<0.00! (n >= 3 (G) n >= 3 from 3 independent organoid
generations (E)).
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The neurotransmitter dopamine can be considered a crucial PD-specific biomarker, as its levels directly
reflect the tissue's pathological status. By inserting a nanoparticle-based enzymatic biosensor into the
waste reservoir of the microfluidic device, changes in dopamine concentrations in the organoid's
supernatant were recorded over time. Figure SA provides a schematic of the hydrogel-covered carbon
electrode, comprising the enzyme tyrosinase, the hydrogel chitosan, and the two oxygen donors, cerium
oxide and titanium oxide. Results in Figure 5B show a steady increase in dopamine levels for both
healthy and 3xSNCA hMOs over a period of 7 weeks, with the first detectable signals retrieved after
35 days of microfluidic cultivation. By week 7 (59 days of differentiation), significant differences in
dopamine secretion between healthy and PD hMOs started to emerge, correlating well with our previous
findings that showed first discernable variations in TH expression around day 60 of differentiation.* In
addition, the electrochemical analysis supported our earlier observation that dynamic cultivation
improves tissue differentiation, or the TH-positive neuronal population, respectively, with a 3.9-fold
higher dopamine signal obtained for htMOs exposed to interstitial fluid flows compared to static controls
(Fig. 5C). Since electrophysiological activity constitutes an important (patho)physiological parameter,
assessing neuronal firing activity is essential for any in vitro brain model. Consequently, a multi-
electrode array (MEA) was integrated into the supply and waste channels of the organ-on-a-chip
platform, enabling electrophysiological recordings of the neuronal microtissues (Fig. SH/D/E). Flow-
directed outgrowth was utilized to direct neuronal processes extending from the three-dimensional
microtissue onto the two-dimensional electrode array. (Fig. SE/H). By using this approach, spontaneous
electrophysiological activity was recorded starting at 24 days of differentiation (Fig. 5G). Next to
monophasic and biphasic spikes (Fig. 5Ib/c), various firing patterns were observed, including tonic
spiking, phasic bursting as well as tonic bursting (Fig. SF). Overall, 66 = 14 % of all active electrodes
displayed bursting activity, a characteristic of dopaminergic neurons.”® Dopaminergic identity was
further supported by clusters of spikes that displayed breaks in the initial spike segments (Fig. 51a).”!
Electrophysiological activity was validated by silencing with the neurotoxin tetrodotoxin (Fig. 5F) as

well as by performing Fluo-4 acetoxymethyl ester (AM)-based calcium imaging (data not shown).
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Figure 5: Schematic of the working principle of the electrochemical dopamine biosensing approach and the three-electrode set-up
(4). Increase in dopamine signal in the supernatant of healthy and PD midbrain organoids over time. Statistical significance by
two-way ANOVA and Tukey test *p<0.033, **p<0.002, ***p<0.001 (n=10 (pooled) from 2 independent organoid generations
(technical triplicates)). Comparative analysis between WT and 3xSNCA signals (week 7) was conducted by Welch’ t-test *p<0.033,
**p<0.002, ***p<0.001 (n=10 (pooled) from 2 independent organoid generations) (B). Comparative analysis of the dopamine
signal of statically and dynamically cultivated WT hMOs. Statistical significance by Welch’ t-test *p<0.033, **p<0.002, ***p<0.001
Column and error bars represent mean + SEM (n=10 (pooled) from 2 independent organoid generations (technical triplicates)) (C).
Schematic and image of the MEA integrated microfluidic device (D). Micrograph of neurites extending over the microelectrodes on-
chip (E). Electrophysiological recordings of human midbrain organoids on-chip prior to and after the exposure to the neurotoxin
TTX (F). Representative read-out of the electrophysiological activity of a healthy hMO in a microfluidic device (G). Flow-directed
outgrowth of neurites on-chip (H). Examples of dopaminergic clusters, characterized by a break in the initial segment (I./arrow) as
well as mono- and bi-phasic spikes recorded on-chip (Ips).

2.7. On-chip monitoring reveals HP-p-CD-mediated phenotypic rescue in 3xSNCA

organoids

While HP-B-CD has been established as a promising excipient in pharmacology, its repurposed
application for enhancing autophagic capacity in PD organoids has only been reported recently.* In an
attempt to demonstrate the ability of our multi-sensor integrated midbrain organoid-on-a-chip platform
to detect phenotypic rescue, exposure of 3xSNCA hMOs to 5 uM of HP-B-CD was assessed. To that
end, dopamine release and respiratory activity of healthy, 3xSNCA, as well as HP--CD-treated
3xSNCA hMOs were investigated in a final time-resolved comparative study. As autophagy is directly
involved in the removal of both aggregated protein species as well as impaired organelles, specific focus
has been directed towards assessing mitochondrial parameters and p-S129-a-synuclein to a-synuclein
ratios. While no significant differences in dopamine release were found between 3xSNCA hMOs and
HP-B-CD treated 3xSNCA hMOs (Fig. 6E), markedly altered growth behaviors were observed. Figure
6G shows a significantly lower mean organoid growth rate of 0.02 um?/day for treated hMOs compared
to 0.03 pm*day for untreated controls (D14-D35), resulting in overall smaller microtissues upon
treatment with HP-B-CD. As improved autophagy has been linked to limited cell growth, we speculate
that the average size reduction of 12% in HP-B-CD treated hMOs after 42 days of on-chip cultivation
is indicative of enhanced cellular degradation.’® Furthermore, when taking into account reduced hMO
sizes into the DA measurements, by normalizing the amperometric signal to microtissue size, CD
treated hMOs give rise to an average 1.73-fold higher DA signal compared to their untreated controls.
While the highest overall oxygen demand of 102.8 + 31 hPa/mm’ (n=410) was detected in healthy
hMOs, HP-B-CD treatment significantly raised the average normalized oxygen demand of PD hMOs
from 78.21 + 23.2 hPa/mm® (n=587) to 88.54 + 21.8 hPa/mm’ (n=541), pointing at improved
mitochondrial physiology. To confirm that the observed phenotypic improvements originate from
rescue effects of PD-associated phenotypes, such as a-synuclein aggregation, additional
immunofluorescence analysis was performed after 60 days of differentiation. As shown in Figure 6C,
quantitative analysis of hMO-sections revealed a significant reduction in the amount of pathological p-
S129-a-synuclein, with comparable p-S129-a-synuclein to a-synuclein ratios in healthy and HP-B-CD

treated hMOs. These observations support previous findings that impaired autophagic clearance


https://doi.org/10.1101/2022.08.19.504522
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.19.504522; this version posted August 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

promotes the exocytosis of a-synuclein, ultimately linking autophagic dysfunction to a progressive
spread of Lewy pathology.” To assess whether reduced levels of aggregated p-S129-a-synuclein
consequently resulted in improved mitochondrial morphology, fluorescence analysis was performed. In
agreement with the p-S129-a-synuclein data, we observed marked rescue effects in mitochondrial
physiology for HP-B-CD treated hMOs, as indicated by the clustering of the WT and the CD-treated
group in a hierarchical cluster analysis (Fig. 6D). In a final attempt to prove, the beneficial effects of
HP-B-CD, a whole-mount analysis (Fig. 6H) was performed. Image analysis revealed a significant
increase in dopaminergic neurons (TH/MAP?2 ratio), the afflicted cell type in PD, following treatment
with the repurposed excipient HP-B-CD. This finding supports our previous assumption that elevated

DA levels, were masked by reduced microtissue sizes observed in HP-B-CD treated organoids.
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Figure 6: Oxygen demand profiles of healthy, 3xSNCA, and HP-p-CD-treated hMOs over a cultivation period of 42 days (A). Normalized
oxygen demands of healthy, 3xSNCA, and HP-p-CD-treated hMOs. Statistical significance by Kruskal-Wallis test and Dunn’s multiple
comparison test *p<0.033, **p<0.002, ***p<0.001 (n=8-10, from 3 independent organoid generations and 12 timepoints) (B). Violin plot of
p-S129-a-synuclein to a-synuclein ratios calculated for healthy, 3xSNCA, and HP-p-CD-treated hMOs. Statistical significance by Kruskal-
Wallis test and Dunn’s multiple comparison test *p<0.033, **p<0.002, ***p<0.001 (n >= 3) (C). Heatmap-based overview of improved
mitochondrial markers in HP-p-CD-treated 3xSNCA hMOs. Hierarchical clustering was performed using MATLAB. (D) Time-resolved
dopamine data of healthy, 3xSNCA, as well as HP-f-CD-treated hMOs, cultivated in microfluidic devices. Statistical significance by two-way
ANOVA and Tukey test *p<0.033, **p<0.002, ***p<0.001 (n=10 (pooled) from 2 independent organoid generations (technical triplicates)
(E). Comparative image analysis of immunofluorescence-stained 3xSNCA and HP-p-CD-treated 3xSNCA organoids revealing a significant
rescue in the TH/MAP? ratio. Statistical significance by Mann-Whitney test *p<0.033, **p<0.002, ***p<0.001. Column and error bars
represent mean +SEM (n>= 5 from 3 independent organoid generations) (F). Growth curves of 3xSNCA hMOs and HP-f-CD-treated
3xSNCA hMOs over a cultivation period of 42 days (n=8-10 from 3 independent organoid generations) (G). Graphical illustration of HP-f-
CD-treatment and representative fluorescence images of a 3xSNCA hMO (left panel) and a HP-$-CD-treated 3xSNCA hMO (right panel):
TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (H). (4,G) Statistical significance by mixed-effect analysis and Tukey test *p<0.033,
**p<0.002, ***p<0.001 (n=8-10 from 3 independent organoid generations).
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3. Discussion and Conclusion

In this study, we have developed a patient-specific multi-sensor integrated midbrain organoid-on-a-chip
model capable of monitoring the onset, progression, and rescue of PD-related phenotypes, while
simultaneously providing for shorter organoid handling times, reduced contamination risks as well as
high content analysis compatibility.”*® It is important to note that the quality of any in vitro
disease/tissue model can be defined by two parameters 1) the (patho)physiological similarity to the
organ of interest and 2) its accessibility to biochemical analysis methods. Both aspects are essential to
foster clinical translation in precision medicine and routine application in pharmaceutical development.
In this work, we have taken advantage of the synergistic effects created by combining organoid
technology and its capability to emulate intricate organotypic structures in vitro with organ-on-a-chip
systems that allocate analytical accessibility, scalability, and physiological fluid dynamics. A key
biophysical aspect of our multi-sensor integrated midbrain organoid-on-a-chip platform is the
application of flow profiles that mimic brain-specific circadian flow regimes, resulting in a drastic
reduction of necrotic core formation - a key limitation of organoid technology - and improved midbrain
tissue differentiation.”® In other words, cultivating hMOs under interstitial fluid flow clearly promotes
brain organogenesis by increasing oxygen availabilities, improving nutrient supply, and promoting the
removal of locally accumulated toxic compounds such as acids or reactive oxygen species.’® Analytical
accessibility through non-invasive multi-parametric sensing strategies is particularly important when
studying time-dependent processes, such as tissue differentiation or disease progression, in an otherwise
contained in vitro system. Time-resolved oxygen sensing of healthy hMOs, for example, reflected the
sequential nature of brain development, characterized by high initial neuronal differentiation
(correlating with increasing respiratory activities) that is succeeded by astrogenesis (marked by lower
respiratory activities) initiated at about day 21 of hMO differentiation.**’ In accordance with the degree
of tissue differentiation, electrochemical dopamine measurements revealed a time-dependent increase
in dopamine signals with significantly higher catecholamine levels observed under dynamic cultivation
conditions compared to static controls. Electrophysiological recordings further supported functional
network maturity and the presence of dopaminergic populations. A comparative analysis between
healthy and PD hMOs (3xSNCA) within our multi-sensor integrated microfluidic platform revealed a
clear time dependency in the onset of Parkinson's disease-related phenotypes, reflecting the complex
progression of the neurodegenerative disorder. While initial high numbers in TH-positive neurons can
be attributed to differentiation upregulating effects elicited by elevated levels of a-synuclein,”
heightened dopamine metabolism, in turn, was shown to promote oxidative stress that together with the
accumulation of toxic forms of a-synuclein subsequently can contribute to increased neurotoxicity and
-degeneration.” Importantly, elevated levels of p-S129-a-synuclein, impaired mitochondrial

physiology, diminished TH-positive neuronal populations, as well as the presence of Lewy-body-like
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inclusions, were detected in 3xSNCA organoids, demonstrating the validity of our microfluidic in vitro
model for studying PD.* Since the observed pathological phenotypes can be linked, at least in part, to
impaired autophagy, the repurposed excipient HP-B-CD, which has previously been shown to induce
rescue effects in a PD organoid model with mutations in PINK1, was used to challenge the ability of
our multi-sensor integrated midbrain organoid-on-a-chip platform.** Intriguingly, integrated oxygen
sensing alone pointed towards significant rescue effects expressed by a marked increase in normalized
oxygen demands for HP-B-CD-treated hMOs compared to PD controls. These effects were further
verified by immunofluorescence analysis, revealing significant reductions in aggregated a-synuclein,
distinct improvements of several mitochondrial characteristics as well as significantly enlarged
populations of TH-positive dopaminergic neurons.

Overall, the presented multi-sensor integrated platform significantly improved the differentiation of
midbrain microtissues by exposing them to physiological flow profiles and enabled for the first time in
an on-chip brain organoid model the ability of non-invasive and multi-parametric monitoring. As such,
it surpasses existing in-vitro models of the human midbrain, opening the way to precision medicine

employing personalized PD models.
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Materials and Methods

Microfabrication

The microfluidic chip was designed using the CAD program Autocad. Pre-molds were fabricated by
casting polydimethylsiloxane (PDMS/ 1:10 ratio) (Sylgard® 184 Silicone Elastomer Kit, Down
Corning) from a computer numerical control (CNC) milled polycarbonate master mold using standard
soft lithography techniques (SI Fig. 1C). After 2 h of polymerization at 80 °C, the pre-mold was
removed from the polycarbonate master mold and cured for another 24 h at 120°C. Afterward, the pre-
mold was silanized with 2 pL of trichloro (1H, 1H, 2H,2H-perfluorooctyl) silane (Sigma Aldrich) and
incubated for 1 h at 80°C. The same procedure was repeated for the generation of the PDMS mold,
starting from the silanized pre-mold (SI Fig. 1C). PDMS molds were used for the fabrication of the
microstructured top layers. To facilitate the removal of the microstructured layer from the mold, ethanol
(absolute, ChemPur) was applied between the two layers prior. After 2h of polymerization at 80 °C,
microfluidic reservoirs and inlets were introduced employing biopsy punches (@ 6mm, @ 8mm, @ 2mm,
Kai Medical). Cleaned microstructured PDMS top layers (adhesive tape (Scotch)) were subsequently
bonded to blotted 250 pm PDMS foils as well as cleaned glass substrates using air plasma (Harrick
Plasma, High Power, 2 min). PDMS foils (MVQ Silicones GmbH) were processed using xurography
(CAMM-1 GS-24, Roland). Microfluidic devices equipped with oxygen sensors were generated by the
deposition of 2 uL. of a microparticle solution into PDMS cavities within glass substrates by the use of
a pipette as previously described by Zirath et al.***' After drying for 2 h at room temperature, the
microparticles were immobilized to the glass substrate, and the fluidic structures were sealed,
employing air plasma. Prior to their use, microfluidic devices were sterilized, utilizing a combination

of 70 % ethanol as well as UV treatment.

CFD Simulation

A multipurpose finite volume CFD code (Ansys Fluent 6.3.26, www.ansys.com / OpenFoam
www.openfoam.org) was used for calculating the flow profile on-chip. The geometry consisting of the
hydrogel cavity, the two feed channels, and the two collection units was split into 136.000 hexahedral
control volumes (SI Fig. 1A). The grid pillars at the gel inflow and outflow boundary were fully
resolved. For adequate numerical accuracy, second or higher-order discretization schemes have been
selected for all flow variables (Navier-Stokes equation — momentum conservation, Continuity equation
—mass conservation) and the species equations. All wall boundaries were treated as ideally smooth; no-
slip boundary conditions (zero flow velocity at the wall) were selected for all surfaces. The outlet was

set to a pressure outlet at a standard pressure of p = 1 atm (101325 Pa). The hydrogel region was
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approximated as a homogeneous and isotropic porous zone (Darcy-Forchheimer equation) with a
constant porosity of € = 0.99 and viscous resistance of R = 1.89-10" 1/m? having been assumed for all
directions.** % Isothermal flow was assumed, no temperature or energy field was solved. For simplicity,
Newtonian fluid behavior was applied for the simulation using a constant dynamic viscosity and
constant density (incompressible) for all mixture components. As the concentrations of the dissolved
species in the fluid are low, the properties of the solvent, water, have been used for the simulation (p =
993 kg/m®, 1= 0.001003 Pa-s at 37 °C). The diffusion coefficients for the tracer components have been
estimated according to literature values (glucose: 0.18 kDa — 4-10'° m%/s, oxygen: 32 Da —2-10° m?/s,
water: 18 Da — 2-10” m%/s) assuming a dilute solution.®® Different water species have been used for
both inlets to investigate the cross mixing of the two inlet channel fluids. Simulations were carried out
on the cluster server cae.zserv.tuwien.ac.at (operated by the IT department of TU Wien,
www.zid.tuwien.ac.at). As the major flow resistances are inside the hydrogel and in the flow channels,
but not in the feed and collection cavities, a simplification was used: To reduce the computational effort,
steady-state simulations for different selected feed cavity filling levels have been carried out. The
simulated filling level was translated into a corresponding relative pressure difference between the feed

inlet zone and the pressure outlet.

hMO Generation and On-Chip Cultivation Protocol

iPSCs from a healthy individual (identifier: 2.0.0.51.0.0) and a PD patient (triplication mutation of
3xSNCA, identifier: 2.1.3.138.0.0) were used in this study. The maintenance of iPSCs was performed
as previously described.®® From the iPSC line, human ventralized neural epithelial stem cells (hwNESC)

were generated, which were subsequently used to generate midbrain organoids.'?> For on-chip hMO

cultivation, organoids suspended in Matrigel® (Corning) were transferred into the microfluidic chip on
day 0 of the maturation phase and cultivated for up to 60 days of differentiation. Dynamic cultivation
was achieved by filling the feed medium reservoirs up to a 3.4 mm feeding level, while the medium at
the collector side was kept at 0.4 mm height. The medium was exchanged every 48 - 72 h. To prevent

any drying out of the microfluidic chips, (i) devices were kept in a compartmentalized cultivation

platform (Quadriperrn®, Greiner) with 10 mL of PBS on both sides, and (ii) inlets of the hydrogel
chamber were sealed using PCR tape (Sigma Aldrich). Depending on the type of analysis, static controls

were either cultivated in microfluidic devices under static conditions or were embedded in a droplet of
Matrigel® (Corning®) and cultivated in a 24-well plate (Greiner). Equal amounts of cell culture

medium and Matrigel® (Corning®) were used, and the medium change procedure was kept identical

under static conditions.
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HP-g-CD-Treatment

For HP-B-CD-treatment 3xSNCA hMOs were exposed to 5 uM HP-B-CD (Sigma Aldrich) in cell

culture media starting from D10 of differentiation.

Immunohistochemistry

Chromogenic Immunohistochemistry

Caspase 3 Staining

HMOs were fixed with 4 % paraformaldehyde overnight at room temperature, washed three times with
phosphate-buffered saline (PBS) (Gibco) for 15 minutes, before being dehydrated, embedded in
paraffin, and sectioned using a microtome (Thermo Scientific HM355 S). Prior to heat-induced antigen
retrieval using Tris-EDTA buffer at pH 9, sectioned hMOs were deparaffinized and rehydrated. After
rinsing the sections in TBS, endogen peroxidase and alkaline phosphatase activity were blocked by
treating the sectioned hMOs with BLOXALL (VectorLaboratories) for 10 min. The primary antibody
(ASP175, #9661, CellSignaling) was incubated for one hour at room temperature before the sections
were rinsed again in TBS and the secondary antibody, an anti-rabbit HRP conjugated antibody
(BrightVision), was applied for 30 min at room temperature. Color development was achieved by a 6-
minute-long exposure to InmPACT™Nova Red™ (VectorLaboratories). Subsequently, the sections
were stained with Haematoxylin (Roth) and mounted with Epredia™ Consul-Mount™ (Fisher

Scientific).

Fontana Masson Staining

HMOs were fixed with 4 % paraformaldehyde overnight at room temperature, washed three times with
phosphate-buffered saline (PBS) (Gibco) for 15 minutes, before being dehydrated and embedded in
paraffin, and sectioned using a microtome (Thermo Scientific HM355 S). After deparaffinization and
rehydration, sectioned hMOs were stained for 10 minutes in a Lugol's solution (2 g Potassium iodide
(Roth), 1g lodine (Roth)) before being transferred into a 5% sodium thiosulfate solution (Morphisto)
for two minutes. Rinsed slides (3x, aqua dest.) were transferred in an ammoniacal silver solution (5%
silver nitrate (Roth); ammonium hydroxide, 18% NH3 (Alfa Aesar)) and incubated at 60°C for two
hours. After rinsing (3%, aqua dest.), slides were exposed to a 0,2% gold chloride solution (Fluka) for
three minutes. Slides were rinsed in aqua dest. before being treated with 5% sodium thiosulfate solution

for two minutes and subsequently rinsed in tap water for two minutes. Cell nuclei were stained using
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0,1% nuclear fast red (Merck). After finishing the staining procedure, the slides were dehydrated in

ethanol and mounted with Epredia™ Consul-Mount™ (Fisher Scientific).

Immunofluorescence

Sectioned hMOs

HMOs were fixed with 4 % paraformaldehyde overnight at room temperature and washed 3x with PBS
for 15 min. For sectioned analysis, hMOs were embedded in 3-4 % low-melting-point agarose in PBS.
The solid agarose block was sectioned with a vibratome (Leica VT1000s) into 100 um sections. The
sections were blocked for 90 min at room temperature on a shaker using 0.5 % Triton X-100, 0.1%
sodium azide, 0.1% sodium citrate, 5 % normal goat serum, and 2% bovine serum albumin in tris-
buffered saline (TBS). Primary antibodies were diluted in the same solution and incubated for 48 h at 4
°C. Antibodies were diluted according to the supplementary table SI Table 2. After incubation with the
primary antibodies, sections were washed 3x with TBS for 15 minutes and incubated for 30 minutes in
TBS supplemented with 0.5 % Triton X-100, 0.1% sodium azide, 0.1% sodium citrate, 5 % normal goat
serum, and 2% bovine serum albumin. Subsequently, sections were incubated with the respective
secondary antibodies (SI Table 2) and the nuclear dye Hoechst 33342 (Invitrogen) in TBS with 0.5 %
Triton X-100, 0.1% sodium azide, 0.1% sodium citrate, 5 % normal goat serum, and 2% bovine serum
albumin for 2 h at room temperature. Afterward, samples were washed 3x with TBS, 1x with Milli-Q
water before being mounted in Fluoromount-G mounting medium (Southern Biotech). Sections were

imaged using confocal microscopes (Yokogawa, Zeiss).

Whole-mounted hMOs

Paraformaldehyde fixed (4%) hMOs were washed 3x with PBS for 15 minutes on a shaker.
Subsequently, hMOs were blocked and permeabilized using 1% Triton X-100 and 10% normal goat
serum in 1x PBS for 24h on a shaker at room temperature. Primary antibodies were diluted in PBS
supplemented with 0.5 % Triton X-100 and 3% normal goat serum and incubated for 4 days at 4°C on
a shaker (SI Table 2). Samples were washed 3x with PBS for 1 hour at room temperature before
incubating with the diluted secondary antibody solution at 4°C, including the nuclear dye Hoechst
33342 (Invitrogen). After 2 days, samples were washed 3x with 0.05% Tween-20 in PBS and 1x with
Milli-Q water for 5 minutes at room temperature, prior to mounting with Fluoromount-G mounting
medium (Southern Biotech). Images were acquired using a high content analysis system (Operetta®,

PerkinElmer).
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Oxygen Monitoring

On-chip oxygen monitoring was carried out at a sampling frequency of 1 Hz using a FireStingO, optical
oxygen meter (Pyroscience) connected to optical fibers (length 1 m, outer diameter 2.2 mm, fiber
diameter 1 mm). Integrated sensors were calibrated using a CO,/O, oxygen controller (CO»-O,-
Controller 2000, Pecon GmbH) equipped with integrated zirconium oxide oxygen sensors (SI Fig.
4A/B). Oxygen measurements were performed every 3 to 4 days. For this purpose, chips were sealed
with PCR foil and transferred into an external incubation chamber set-up (5% CO,/ 37°C). Each sample
was measured for a minimum of 3 minutes to guarantee proper equilibration. To ensure that fluid flow
does not interfere with the oxygen measurement, oxygen demand was measured prior to the re-
establishment of flow (under static conditions). Oxygen demand was subsequently calculated according

to the following formula: hMO oxygen demand (AP,) = Py, blank — Py, hMO.

Dopamine Sensing

The fabrication and subsequent characterization of the dopamine sensor were based on a protocol
previously published by Niagi et al.®® Carbon electrodes of a thick-film electrode set-up with an
integrated silver reference electrode (S1PE, MicruX Technologies) were coated with 15 pL of a
tyrosinase (Sigma Aldrich), chitosan (1%, Sigma Aldrich), CeO, (10 mg/mL, Sigma Aldrich) and TiO»
(10 mg/mL, chemPUR) mixture at the following ratio (4:4:1:1) and incubated for a duration of 1 hour.
Amperometric measurements were conducted at a potential of -0.15 V using a three-electrode set-up
with a platinum wire as a counter electrode and a potentiostat (VMP3, Bio-Logic) equipped with a low
current module (Bio-Logic). Dopamine (Sigma Aldrich) calibration curves were recorded in both PBS
and N2B27 medium (SI Figure 4C/D). Concentrations of tested interferents were based on previous
studies, media composition, and HPLC-derived neurotransmitter profiles of hMOs®’. Next to 5 uM
dopamine (dopamine hydrochloride), interference studies encompassed the measurement of 5 uM L-
DOPA (Sigma Aldrich), 5 uM DOPAC (Sigma Aldrich), 5 uM norepinephrine (Sigma Aldrich), 5 uM
epinephrine (Sigma Aldrich), 5 uM serotonin (Sigma Aldrich), 40 uM y-aminobutyric acid (GABA)
(Sigma Aldrich) and 200 pM ascorbic acid (Sigma Aldrich) in PBS (SI Figure 4F). To assess potential
interference effects of phenol red on the DA measurement, a comparative analysis between phenol red
basal media (Neurobasal Medium, Gibco) and phenol red-free basal media (Neurobasal Medium, minus
phenol red, Gibco) employing 5 uM DA was conducted (SI Figure 4G). Stability measurements were
performed at a DA concentration of 5 pM DA in PBS (SI Figure 4E). Measurements were conducted
by dipping the three-electrode set-up into the respective analyte. For each measurement, the

supernatants of 10 hMOs were pooled and three technical triplicates were recorded.
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MEA Fabrication and Analysis of Electrophysiological Activity

The fabrication of the MEAs followed a previously published protocol by Mika et al.*® In detail, cleaned
(sonication in acetone for 1 minute) glass substrates (49mm x 49mm glass substrates (D263 T ECO,
Schott GmbH)) were sputtered with chrome using an RF power of 100W, 30s sputter time, a working
pressure of 2x10° mbar and a base pressure of 8x10~ mbar (Von Ardenne LS320 Sputtersystem).
Photoresist AZ5214E was spun onto the chrome-coated substrates using a spin speed of 3000 rpm and
a spin time of 30 s. The soft bake was performed at 100°C for 60 s. Using a Karl Suss MJB3 UV400
mask aligner, the mask and substrate were aligned and exposed to a dose of 40 mJ/cm?®. Next, the
reversal bake was performed at 120°C for 70 s and immediately flood-exposed to a dose of 240 mJ/cm?.
After flood exposure, substrates were developed using AZ726 MIF for 60 s. Development was stopped
by rinsing with water. After the substrates were dried with N», the chrome layer was etched using
CHROME ETCH 18 (Micro Resist Technology). After inhibiting the etching process by rinsing with
water, substrates were dried. Titanium was sputtered with an RF power of 100 W, a 50 s sputter time,
a working pressure of 2x10” mbar, and a base pressure of 8x10~ mbar. Next, two layers of gold were
sputtered with an RF power of 50 W, a sputtering time of 50 s, a working pressure of 2-5 mbar, and a
base pressure of 8-3 mbar. Lift-off was performed by sonication in acetone, before rinsing the substrates
with acetone and isopropanol. The remaining chrome was removed using CHROME ETCH 18 (Micro
Resist Technology). The insulation layer of Si3zN4was deposited using plasma-enhanced chemical vapor
deposition with an RF power of 12 W, a processing time of 30 minutes, 1 torr working pressure, 0.06
torr base pressure, a SiH flow of 700 sccm, an NH3 flow of 18 sccm and a substrate holder temperature
of 300°C (Oxford Plasmalab 80 Plus). To etch the insulation layer, a sacrificial layer of AZ5214E was
spun onto the substrates using a spin speed of 3000 rpm, a spin time of 30 s, and ramp set to 4. The soft
bake was performed at 100°C for 60 s. The exposure dose was 40 mJ/cm* (equals ~4s in the case of
MJB3 Mask Aligner). Next, the reversal bake was performed at 120°C for 70 s and immediately flood-
exposed with a dose of 240 mJ/cm?. After flood exposure, substrates were developed using AZ726 MIF
for 60 s. Development was stopped by rinsing with water. Exposed areas were etched using reactive ion
etching with an RF power of 50 W, an inductively coupled plasma power of 100W, an SFe flow rate of
20 sccm, an Ar flow rate of 10 sccm, and a processing time of 10 minutes (Oxford Plasmalab System
100). The sacrificial photoresist layer was removed by sonication in acetone and rinsing with
isopropanol. The analysis of the electrophysiological data retrieved from the Multichannel System
Software was performed employing a previously published algorithm for spike detection and sorting

(wave_clus 3)® using the programming and numeric computing platform MATLAB (R2021a).
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Calcium Fluo-4 Assay

To verify the electrophysiological activity of hMOs on-chip, the intracellular calcium flux within the
hMOs was analyzed employing a Fluo-4 Calcium Imaging Kit (Thermo Fisher) according to the

manufacturer's instructions (n=4). Videos were recorded using live-cell imaging (IX83, Olympus).

FITC Diffusion Study

5 kDa FITC-dextran (Thermo Fisher) was used for the assessment of dextran diffusion into hMOs on-
chip (SI Figure 5A/B). To that end, a 100 uM solution of 5 kDa FITC-dextran in N2B27 medium was
introduced into the media reservoirs of the microfluidic device. hMOs were exposed to the dextran
solution for a period of 24 hours under both static and dynamic cultivation conditions, while transport
into the microtissues was recorded simultaneously using live-cell imaging (IX83, Olympus). Influx and
efflux into the organoids were analyzed by assessing the fluorescence intensity over time using the

open-source image processing program FIJI.

Image Analysis

Neurite Outgrowth Rate and Organoid Growth

Both maximum neurite outgrowth rate [pm/h] and organoid growth [pm?*] were determined using the
open-source image processing program FIJI. To determine the organoid growth, brightfield images of
the hMOs were used to calculate the area of the individual organoids. To that end, images were
transferred to 8-bit images; thresholds were adjusted to separate the hMOs from the background before
converting the images to a mask and measuring the area using the measure function of the program. For
the determination of the maximum neurite outgrowth rate, neurites extending from the hMOs were

traced and measured using the freehand lines tool or the measure function, respectively.

Caspase 3

To analyze the apoptotic marker caspase 3 in the hMOs, images of the sectioned organoids were
retrieved using a standard brightfield microscope (1X71, Olympus). The data analysis pipeline includes
the adjustment of the contrast, color deconvolution, transfer to a binary image, generation of a mask,

and measurement. The ratio of caspase 3 to total nuclei was subsequently calculated as follows:

Caspase 3 red area
Nuclei  total area (red + blue)
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Immunofluorescence

The image analysis algorithms used in the study were applied as previously described.”

Statistical Analysis

Statistical analysis and data visualization was conducted using the biostatistics program GraphPad
Prism 8. For the assessment of statistical significance, Welch's t-tests, Mann-Whitney tests, Kruskal-
Wallis tests with Dunn’s multiple comparison tests, one-way, two-way ANOVAs or mixed-effect
analysis with Geisser-Greenhouse correction and Tukey's multiple comparison tests were performed.
Normality was tested using a combination of the Shapiro-Wilk test and the Kolmogorov-Smirnov test.
For the detection of outliers in normally distributed data sets, either a Grubb's test for single outliers or
a ROUST outlier test for multiple outliers was employed. Significances were assigned as follows: 0.12

(ns.), 0.033 (*), 0.002 (**), < 0.001 (***).
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