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ABSTRACT

Organoid technology describes a scientific field that concentrates on the in vitro generation of
miniaturized tissue analogs capable of emulating intricate organotypic characteristics on both
a structural and functional level. As such, it has become an indispensable tool in many scientific
disciplines, from biological engineering to pharmaceutical development. One specific example
constitutes the field of Parkinson’s disease, a neurodegenerative disorder that, to this date,
remains restricted to symptomatic control due to a persistent lack of neuroprotective and
disease-modifying treatment strategies. Despite the recent progress that has been accomplished
by modeling Parkinson’s disease employing midbrain organoids, three key limitations hinder
the technology from reaching its full potential. These drawbacks include (i) the omittance of
critical biophysical cues such as interstitial fluid flow, (ii) nutrient-deficiency-based growth
restrictions resulting from the organoids' intrinsic structure, and the concomitant lack of
vasculature, as well as (iii) low analytical accessibility impeding time-resolved monitoring. In
this doctoral study, a multi-sensor integrated organ-on-a-chip platform for the long-term
cultivation and non-invasive monitoring of human midbrain organoids was developed. While
the development, characterization, and subsequent integration of optical, electrical, and
electrochemical sensors enabled the non-invasive monitoring of vital physiological aspects in
vitro, including oxygen demand, electrophysiological activity, and dopamine release, the
dynamic cultivation milieu, could markedly enhance organoid viability and differentiation.
Key pathological phenotypes encompassing impaired mitochondrial activity, reduced numbers
of dopaminergic neurons, and aggregated a-synuclein were emulated when cultivating
organoids derived from a Parkinson’s patient. Upon exposing the midbrain organoids to the
repurposed excipient 2-hydroxypropyl-p-cyclodextrin, marked rescue effects were observed,

highlighting the platform's applicability for drug screening purposes.
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KURZFASSUNG

Organoid-Technologie beschreibt ein wissenschaftliches Feld, das sich auf die Erzeugung
miniaturisierter Gewebeanaloga konzentriert, die in der Lage sind, komplizierte organtypische
Eigenschaften sowohl auf struktureller als auch auf funktioneller Ebene in vitro zu emulieren.
Als solches ist es zu einem unverzichtbaren Werkzeug in einer Vielzahl von wissenschaftlichen
Disziplinen geworden, die von der Biotechnik bis zur pharmazeutischen Entwicklung reichen.
Ein konkretes Beispiel stellt das wissenschaftliche Feld um Parkinson dar, eine
neurodegenerative Erkrankung, die aufgrund des anhaltenden Mangels an neuroprotektiven
und krankheitsmodifizierenden Behandlungsstrategien bis heute auf eine symptomatische
Behandlung beschréinkt ist. Trotz erheblicher Fortschritte im Modellieren von Parkinson
mittels sogenannter Mittelhirn-Organoide hindern drei wesentliche Faktoren die Technologie
daran, ihr volles Potenzial auszuschopfen. Zu diesen Nachteilen gehdren (i) die
Vernachldssigung biophysikalischer Stimuli wie dem interstitiellen Fliissigkeitsfluss, ein
wesentlicher Akteur bei der Gewebehomoostase (i1) Wachstumsbeschrankungen aufgrund von
Néhrstoffmangel, die sich aus der intrinsischen Struktur der Organoide und einem damit
einhergehenden Mangel an Gefdflen ergeben sowie (iii) geringe analytische Zuginglichkeit,
die eine zeitaufgeloste Uberwachung erschwert. Im Zuge dieser Doktorarbeit wurde eine
Multisensor-integrierte Organ-on-a-Chip-Plattform fiir die langfristige Kultivierung und nicht-
invasive Uberwachung von Organoiden des menschlichen Mittelhirns entwickelt. Die
Entwicklung, Charakterisierung und anschlieBende Integration optischer, elektrischer und
elektrochemischer Sensoren ermdglichte die nicht-invasive Messung  kritischer
physiologischer Aspekte wie dem Sauerstoffbedarf, der elektrophysiologischen Aktivitét
sowie der Ausschiittung von Dopamin in vitro. Zudem begiinstigte ein dynamisches
Kultivierungsmilieu die Differenzierung und Viabilitdt humaner Mittelhirn Organoide.

Charakteristische pathologische Phédnotypen, darunter eine beeintrichtigte mitochondriale
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Aktivitdt, eine verringerte Anzahl dopaminerger Neuronen und aggregiertes o-Synuclein
wurden bei der Kultivierung von Patienten-spezifischen Organoiden emuliert. Zudem konnten
nach Behandlung der Mikrogewebe mit dem umfunktionierten Zuckermolekiil 2-
Hydroxypropyl-B-Cyclodextrin phénotypische Rettungseffekte beobachtet werden, die die

Anwendbarkeit der Plattform fiir Wirkstoff-Screening-Zwecke unterstreicht.
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1. PROBLEM AND MOTIVATION

1.1 PARKINSON’S DISEASE

1.1.1 Parkinson’s Disease: Its Pathological Hallmarks, Symptoms, and Etiology

First described in 1817 by the general medical practitioner James Parkinson in a monograph
titled “An Essay on the Shaking Palsy,” Parkinson’s disease (PD) today constitutes the fastest-
growing neurodegenerative disease worldwide.!* According to a Global Burden of Disease
study, at present, 9.4 million patients live with PD, a number which is expected to double by
the year 2040.>* While PD can occur as early as in the third decade of life, the average age of
onset is 60 years or older, rendering age one of the biggest risk factors linked to the disease.’
PD is a multifactorial disorder that has been associated with a variety of highly debilitating
motor and non-motor symptoms (see Figure 1). Among others, motor symptoms include
bradykinesia, rigidity, and resting tremors that, to this date, both individually and collectively
provide the only indication for clinical diagnosis. Motor manifestations, however, often are
preceded by non-motor symptoms such as depression, anxiety, constipation, olfactory
dysfunction, and rapid eye movement (REM) behavior disorder, which can occur even decades
before the actual diagnosis of the disease.®’ Unfortunately, these non-motor symptoms often
remain overlooked, despite the resulting constraints arising therefrom.” In fact, a recent study
by Hermanowicz et al., encompassing 700 individuals (PD patients and caregivers), pointed
out that around 50% of the interviewed cohort classified non-motor symptoms as a greater
challenge in day-to-day life as opposed to motor symptoms.'® Overall, PD-related symptoms
significantly impair the quality of everyday life and impose a great economic and emotional
burden on patients, their families, as well as the healthcare system.>!? A situation that is further
worsened by comorbidities encompassing infections, cardiac and gastrointestinal disorders,

fall-related injuries, and most importantly, the persistent lack of neuroprotective and disease-

14
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altering therapeutics. To this date, PD is still exclusively treated symptomatically, with motor
manifestations constituting the primary target and levodopa (L-DOPA), a compound known
for its severe side effects (e.g., confusion, vomiting, dyskinesia), remaining the most prescribed

medication and biggest hope for a short-term remedy.'!!2

| Motors Symptoms | [ Non-motors Symptoms |

Akinesia and Bradykinesia { f geumgsychi;tric ‘D;sfunction
epression and anxie
Apathy and anhedonia

Speech Problems Frontal executive dysfu_nction
Dementia and psychosis..

o Sensory Symptoms and Pain
Rigidity - Olfactory dysfunction
N Abnormal sensations
\]‘ Pain..
Deficits in Force Generation )

Autonomic Dysfunction
Orthostatic hypotension
Urogenital dysfunction
Constipation..

and Precision Grip

Postural Instability

Sleep Disorders

RestTremor 5 ) )
Sleep fragmentation and insomnia
f RED
Gait Restless leg syndrome

Exessive daytime somnolence..

Figure 1: Graphical summary of PD-associated motor- and non-motor manifestations. Images were generated using
Biorender. 57

From a neuropathological point of view, PD is characterized by two distinctive hallmarks: 1)
the progressive loss of dopaminergic neurons in the substantia nigra of the human midbrain
and ii) the accumulation of aggregated a-synuclein in the form of so-called Lewy-Bodies. The
degeneration of dopaminergic neurons in the substantia nigra results in dopamine (DA)
depletion within the nigrostriatal pathway, an essential part of the basal ganglia motor loop that

controls locomotor activity.”»!* The onset of motor manifestations has been linked to a 50-80%

15
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loss of dopaminergic neurons, indicating an initial compensatory mechanism in early stages of
the disease.!*!° The presence of non-motor symptoms further supports the involvement of other
neurotransmitters, next to DA, including neurotransmitters of the glutamatergic, cholinergic,
serotonergic, and adrenergic systems, as well as the neuromodulators adenosine and
enkephalins.!® Lewy-Bodies are considered a major hallmark in PD, PD dementia, and Lewy-
body dementia and have been detected in several rare genetic disorders. They are intracellular
cytoplasmic aggregates primarily comprised of the protein a-synuclein and lipids. They are
characterized by a spherical morphology and radially organized fibrils and have been
associated with neurodegeneration-associated lesions. Their formation is secondary to a
malfunctioning of the ubiquitin-proteasome system and involves an excessive production of

misfolded forms of ubiquitin proteins.!’

Human Midbrain

. Accumulation of

Cerebrum misfolded ec-synuclein
in Lewy bodies

™
h

: II. Loss of
] CEFEbE“Um Healthy Parkinson’'s dopaminergic
Brainstem Individual Patient neurons

Figure 2: Graphical representation of the two major hallmarks associated with PD. The accumulation of misfolded alpha-
synuclein. (I) The loss of dopaminergic neurons in the substantia nigra (Il). Images were generated using Biorender.

The landmark discovery in 1983 that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
causes selective injury to dopaminergic neurons resulting in PD-like manifestations, reinforced
the conception that, first and foremost, PD is of environmental origin. MPTP, a structural and

mechanistic analog to several pesticides, was derived by accident in synthesizing 3-

16
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desmethylprodine, an opioid analgesic drug.!®!” Since then, rural living and well water
consumption have been identified as the predominant environmental risk factors of PD, as they
constitute surrogates for agricultural chemicals and pesticides. Specific pesticides, including
rotenone and paraquat, have been successfully linked to PD in humans and parkinsonism in
animals; the latter has rendered them an indispensable tool in the establishment of in vivo PD
models. Other neurotoxicants associated with PD include chlorinated solvents (e.g., dry
cleaning) and polychlorinated biphenyls (e.g., lubricants and coolants). Although these
compounds have already been banned, they remain in soil and water due to their high
environmental persistence.”?° Next to chemical risk factors, also mild to moderate head injury
and bacterial and viral infections have been associated with an increased risk of developing
PD. On the other hand, smoking and caffeine/theine intake have been shown to reduce the risk
of acquiring PD. Studies have found that current smokers have less than half the risk of
developing PD when compared with nonsmokers and that male high coffee drinkers exhibit a
nearly 60% reduction in risk as opposed to non-drinkers. While the exact mode of action has
not been identified yet, studies could show that the alkaloid nicotine most likely infers the
reduction observed in smokers.?!?> Moreover, physical activity, specific dietary patterns, and
certain drugs, including nonsteroidal anti-inflammatory agents and calcium channel blockers,

have been associated with a lower risk of acquiring PD.?

In parallel to the identification of environmental risk factors, significant progress has been
made in the discovery of genetic predispositions to PD.?? In the mid-1990s, a connection was
drawn between PD and genetics for the first time. Before then, PD was assumed to be of
sporadic origin, with age and environmental impacts constituting the main two risk factors.
Nonetheless, only 15 % of PD patients report a family history of PD symptoms, rendering 85

% of all cases sporadic.
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Figure 3: Graphical representation of the key environmental and genetic risk factors linked to PD. Images were generated
using Biorender 42

The distinction between genetic predispositions within familial and sporadic PD has to be taken
with caution, however, as it is very likely that multiple genetic risk factors synergistically
increase the chances of acquiring PD in both cases.>* This hypothesis is underlined by the
growing number of genome-wide association studies (GWAS) and genetic studies that have
led to the identification of more than 40 novel risk loci associated with sporadic PD.?’
Interestingly, these studies have shown that the most common PD-related mutations display
the lowest PD penetrance. In contrast, the rarest mutations, such as mutations in SNCA, PRKN,
and LRRK2 (often associated with familial PD), pose the highest risk of clinical manifestation,
with PRKN, LRRK2(G2019S), GBA, and CHCHD2 (P2L)' constituting the most penetrant
mutations increasing the risk by 14, 10, 8 and 5% respectively.?* While the most common
genetic predispositions only account for a small proportion of PD cases; their analysis has shed
light on common cellular processes that appear to be implicated in the neurodegenerative

disorder PD (see Figure 3B).2® Many genetic risk factors (e.g., CHCHD2, PRKN, PLA2G6,

! Abbreviations of the respective genes are first introduced in the list of abbreviations on page 10-11.
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VSP13C, PINK 1, LRRK2) have been linked to mitochondrial respiration and recycling.?* This
correlation is further supported by studies employing patient-derived cells (e.g., LRRK2,
PRKN, PINKI1, GBA, and SNCA) exhibiting morphologically aberrant mitochondria and
impaired cellular respiration.?*-3* Moreover, mutations in LRRK2, PRKN, PINK 1, GBA, DJ-
1, and SNCA have been linked to increased reactive oxygen species (ROS) levels and higher
susceptibilities to cell death, pointing towards impaired oxidative stress-buffering capacity.>-
40'While protein aggregation (a-synuclein and tau protein) was accounted for in several patient-
derived cell lines with mutations in LRRK2, PRKN, PINK1, GBA, SNCA, and MAPT,
impaired protein degradation resulting from both compromised autolysosome formation and
maturation as well as decreased lysosomal enzymatic activities were linked to the genetic risk
factors: LRRK2, PRKN, GBA, SNCA, PINK1, and DJ-1,243446-51.35.3638.41-45 For example, a
study showed that the G2019S mutation in LRRK2 resulted in the binding of the kinase
(LRRK2) to the lysosomal membrane, thus impairing chaperone-mediated autophagy.** On the
other hand, protein aggregates in cells carrying a genetic predisposition in the MAPT gene
impaired axonal mitochondrial movement and resulted in aberrant neurites.’?>* In addition,
mutations in LRRK2, SNCA, GBA, and PRKN have been linked to synaptic dysregulation,
including impaired electrophysiological activity, decreased calcium-mediated DA release, and
impaired DA reuptake — the latter two both increasing DA-mediated neurotoxicity,347-54-58
Upon co-culture with T-lymphocytes, cells derived from sporadic patients displayed increased
cell death via IL17-mediated signaling cascades, underlining previous notions on a
neuroinflammatory role in PD.* Genetic and GWAS studies have significantly accelerated the
progress in the field of PD over the last years, underlining the highly heterogeneous nature of
PD and its multifactorial etiology. While this data points to the necessity of shifting the focus

onto personalized approaches and improved substratification strategies, it also sheds light on

several commonalities in cellular susceptibilities to PD, including mitochondrial dysfunction,
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impaired protein degradation, and synaptic malfunction, as well as altered responses to
neuroinflammation and oxidative stress. As a consequence, rare genetic alterations such as
mutations in SNCA and LRRK2 provide an ideal basis for studying the implicated cellular
pathways in PD and thus identifying potential new routes of therapeutic interference, despite

their overall low incidence.?*28

1.1.2 Experimental Models of PD and the Unmet Need for Neuroprotective and Disease-
Modifying Strategies

An ideal experimental model for studying PD should feature the two key pathological
hallmarks of the disease, namely 1) the presence of Lewy bodies and ii) the loss of dopaminergic
neurons. Moreover, the model must be progressive in its nature, including a time-dependent
onset of PD-related phenotypes. In other words, the optimal experimental model of PD should
provide a gradual onset of pathophysiological phenotypes that only after pathological
manifestation would be employed for assessing a drug’s or neuroprotective agent’s
effectiveness.®®! Due to the restricted access to primary/patient-derived neuronal cell sources
and the intrinsic limitations to primary cell cultures, specific attention in PD research has been
directed toward developing animal-based models. Many experimental animal models have
been developed so far, ranging from fruit flies and nematodes over rodents up to cats, dogs,
and non-human primates.®> While small animal models do not recapitulate most clinical
manifestations and are restricted in emulating pathological hallmarks, ethical concerns and
high costs have limited the research on larger animals, including non-human primates, despite
their often superior characteristics. As such, rodent-based experimental models that are readily
available, genetically malleable, and low in cost constitute the predominant platform in PD
research.%> However, it must be noted that PD is restricted to humans and does not naturally

occur within animals.%* Therefore, pathological phenotypes must first be induced within the
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models, forming the basis of model classification.®? As such, animal-based PD models can be
separated into toxin-based and genetic models. Toxin-based models employ toxins such as 6-
hydroxy-dopamine (6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to
induce nigrostriatal dopaminergic lesions predominantly through inhibiting mitochondrial

function.®’

Table 1: Advantages and disadvantages of current PD in vivo models

Type of
Mode of Action /
Experimental Advantages Disadvantages Ref.
Observations
Animal Model
Induces massive loss of Does not penetrate
ROS induce dopaminergic neurons in the the BBB
6-OHDA mitochondrial substantia nigra Acute toxicity 60,66
dysfunction Induces major and consistent Lacks Lewy body
behavioral deficits formation
Penetrates the BBB
Progressive neuronal loss
Inhibition of when administered
complex I in continuously in low doses Lacks Lewy body
MPTP : _ . formation o
mitochondrial Decreased DA levels in the
respiration striatum
Emulates the topography of
) dopaminergic neuron loss
Toxin —
Insecticide
Inhibition of
complex I Degeneration of
Rotenone Targets dopaminergic neurons Acute toxicity 69,70
catecholaminergic Behavioral impairment
neurons
Widely used
herbicide Induces age-dependent Lack of striatal
P Structurally neuronal cell loss dopaminergic 270
araquat i ’
similar to MPTP Induces Lewy Body neuron loss in
Inhibition of formation some models
complex I
) Capable of emulating Limited loss of
. Accumulation of . . ) .
Genetic | SNCA ) synuclein mediated dopaminergic L1
synuclein )
pathological phenotypes neurons
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Motor deficits Non-physiological
topography of
dopaminergic
neuron loss
Limited

Motor deficits dopaminergic

and axonal

LRRK? ol Assessment of LRRK2- nearon I
atholo ; a7

P fgy ) mediated functions degeneration

Dopaminergic No accumulation of

degeneration synuclein

Complete

. Most models do
suppression can

. Assessment of the not display a

induce age- Parkin/PINK 1 path

ark1 pathway ioni
dependent DA o significant
PINK1 } Reduced locomotor activity impairment of L1375
reduction and . .
and DA levels in drosophila dopaminergic
decreased )
and G309D-PINK1 mice neurons

locomotor

activity

Overexpression

elicits

. Assessment of Parkin- Lacks
neuroprotective
PRKN effects after mediated functions characteristic PD 6271
treatment with related phenotypes

MPTP and 6-

OHDA

DJ-1 knock-out

mice display Useful for combinatorial Lacks

DJ-1 hypersensitivity studies employing characteristic PD 71,76
towards MPTP neurotoxins related phenotypes

and rotenone

While these models are considered the most thoroughly studied, results obtained from these

models rarely translate into the clinic successfully. One potential explanation for this is the

acute onset mediated by the administration of toxins, which significantly differs from the

degenerative processes observed in humans. As an alternative to toxin-based models, genetic

PD models have been developed by either generating null mutations or overexpressing genes

of potential interest. Genetic models have provided valuable information on the involvement
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of PD-related genes; however, they rarely emulate all pathologically relevant
hallmarks.62:636577 Table 1 provides an overview of the different models, highlighting their
respective advantages and disadvantages. Overall, it remains indisputable that experimental
animal models have provided valuable insights into the underlying mechanisms of PD.
However, physiological differences, most notably the absence of PD in animals, that have not
brought forth any neuroprotective or disease-modifying treatment strategies raise the question
of whether animal models will suffice to tackle the remaining hurdles in understanding and
fighting PD.!! This is of particular importance considering the increasing socioeconomic
burden associated with PD. In the US alone, PD-related costs have been estimated at $51.9
billion. A recent study by Yang et al. calculated that this total economic burden consists of
$25.4 billion in direct medical costs and $26.5 billion in indirect and non-medical costs
(including an indirect cost of $14.2 billion related to PD patients and caregiver burden).? Based
on a projected PD prevalence of 1.6 million, the study postulates that the burden in the US
alone would surpass $79 billion by 2037. Despite these prospects and the significant gain in
knowledge obtained over recent years, the demand for disease-modifying and neuroprotective

strategies remains unmet.

In summary, the limitations of current PD models, which are reflected by the high failure rates
of clinical trials, underline the urgent need for new and alternative strategies that better replicate
the pathological features of this highly heterogeneous disorder.”® One attractive alternative
constitutes organoid technology, a rapidly evolving field focusing on the in vitro recreation of
miniaturized tissue analogs. The usage of reprogrammed cells derived from easily accessible
skin or blood samples not only allows for the recreation of (patho-)physiological tissue models

but opens new routes from patient-specific models to personalized medicine.
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1.2 A PERSONALIZED APPROACH TO PARKINSON’S DISEASE —

HUMAN MIDBRAIN ORGANOIDS

With the emergence of induced pluripotent stem cell (iPSC)-technology in 2006, for the first
time, tangible opportunities for physiologically relevant and personalized 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 have been developed
so far, including, among others, organoids of the skin, the intestine, the liver, and the heart.8!-
84 Moreover, as illustrated by Figure 4, tremendous efforts have been directed toward
establishing brain organoids, encompassing microtissues of the forebrain, the hindbrain, and

the midbrain, the afflicted region in PD.3>-%8
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I "Brain Organoids"
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Figure 4: Graphical illustration demonstrating the growth of the field of organoid and brain organoid technology between
2011 and 2021. Exponential increase in search results obtained for both “organoids” and “brain organoids” between 2011
and 2021 (A). Graphical representation of the percentage that brain organoid search results make up in all search results
related to organoids (B). Note: Number of search results refers to the number of hits obtained in Google Scholar in response
to the query “organoids” and “brain organoids”.

Human midbrain organoids (hMOs) have been shown to mimic essential features of the tissue's
three-dimensional (3D) cytoarchitectural arrangement and function and, more importantly,

mirror pathological hallmarks of PD including a-synuclein aggregation and dopaminergic
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neurodegeneration. So far, 15 studies have been published on hMOs; a comprehensive
overview is given in Table 2. Starting from regionally patterned neuroepithelial stem cells,
Monzel et al. were able to generate hMOs that display characteristic spatially patterned groups
of dopaminergic neurons and robust glia differentiation into astrocytes and oligodendrocytes
after 61 days of culture.’” Both A10 and A9 midbrain dopaminergic neurons, a subpopulation
predominantly affected in PD, were present in the reported hMO model. In addition to
electrophysiological activity, neuromelanin deposition, void in commonly used animal models,
could be observed after 149 days in culture. Employing an alternative differentiation protocol,
Jo et al. observed accelerated neuromelanin formation, starting at around 80 days of culture.
In agreement with the human midbrain, where neuromelanin is accumulated within the
substantia nigra postnatal, fluorescence-activated single-cell sorting (FACS) analysis revealed
that neuromelanin-containing cells were enriched in the vulnerable A9 midbrain dopaminergic
neuron subpopulation.®® Due to the inherent size of the mesencephalic microtissues,
encompassing several millimeters, and the concomitant lack of vasculature, organoids are
prone to develop necrotic cores a fundamental limitation of organoid technology. While Berger
et al. were able to slightly reduce the size of the formed necrotic cores by cultivating hMOs in
a millifluidic set-up, Nickels et al. addressed the limitation by shortening the expansion phases
of the organoid differentiation protocol resulting in an overall reduced size of the midbrain
microtissues and thus optimized diffusion properties.?*° Sabaté et al. expanded the latter
model by microglia, the predominant immune component of the brain, resulting in altered
synaptic gene expression and improved neuronal excitability.”! In a study by Renner et al.,
specific focus was directed towards the establishment of a high throughput screening- (HTS-)
compatible hMO protocol, allowing for an automatable process starting from hMO generation
up to microtissue analysis.”? In addition to the development of healthy hMO models, over the

last three years, significant progress has been made too in establishing PD patient-specific
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models. Two studies demonstrated the emulation of pathological hallmarks of PD, such as
reduced numbers and limited complexity of midbrain dopaminergic neurons, by generating
midbrain organoids from patient-derived cells containing an LRRK2-G2019 mutation.”
Employing patient-derived cells carrying a PRKN mutation, Kano et al. could replicate reduced
astrocyte activity as observed in post-mortem samples of the iPSC-donors.** In a recent study
by Jarazao et al., pathological hallmarks, including impaired mitochondrial activity and
reduced numbers of dopaminergic neurons, were emulated by generating hMOs from patient-
derived cells carrying a mutation in the PINK 1 gene.’! Most importantly, the authors were able
to elicit a significant rescue of these phenotypes after treating the hMOs with the repurposed
excipient 2-hydroxypropyl-beta-cyclodextrin (HP-$-CD), demonstrating the applicability of
hMOs for drug screening purposes. By generating hMOs from patient-derived cells carrying a
3xSNCA mutation, two recently published preprints could mimic pathological phenotypes
ranging from dopaminergic neurodegeneration and o-synuclein aggregation to synaptic
decline.’®% Finally, Jo et al. were able to recapitulate for the first time in a midbrain organoid
model the presence of Lewy bodies, the second most important hallmark of PD, by generating
dual perturbation organoids carrying 3xSNCA and GBA mutations.”® Altogether, the
substantial progress in midbrain organoid technology has undoubtedly proven that patient-
specific organoid models provide a valuable tool in PD research, capable of emulating the
disorder’s key pathological hallmarks. However, despite these significant advancements,
several challenges persist, including the tissue's immaturity, organoid variability, lack of
specific cell types (e.g., microvascular endothelial cells), and nutrient deficiency-based growth
restrictions. In addition, organoid technology still strongly relies on unphysiological cultivation
conditions that omit critical biophysical cues (e.g., interstitial fluid flow). Brain-specific
interstitial fluid flow 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
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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 linked to exacerbated protein deposition in models of Alzheimer's disease
and one model of PD as well as to the delivery and clearance of drugs, making it of considerable
importance in the context of pharmacological screening applications.”®* Furthermore, hMO
technology still strongly depends on the use of invasive endpoint analysis that restricts the
investigation of continuous events such as tissue maturation and disease progression. In fact,
only 1 out of all 15 studies (see Table 2) employed non-invasive sensing strategies to monitor
alterations in the hMOs’ electrophysiological properties during maturation.

In summary, to further increase the technology’s predictive power and its ability to provide a
genuine alternative to animal models, the next generation of hMO models will need to address
(a) crucial biophysical stimuli, (b) analytical accessibility, and (c) lacking cellular interactions

(endothelial cells).

Table 2: Comprehensive overview of studies on hMO-based in vitro models.

Characteristics of Cultivation
Application/ Findings Analysis Ref.
the hMO model Condition

Development of a differentiation protocol

resulting in spatially organized dopaminergic
Invasive endpoint
Healthy hMO neurons, astrocytes, oligodendrocytes, Wellplate/shaker
analysis

87

occasional neuromelanin formation, and

electrophysiological activity.

Development of a differentiation protocol
resulting in dopaminergic neurons, functional Invasive endpoint
Healthy hMO Wellplate/shaker 88

electrically active synapses, and pronounced analysis

neuromelanin formation.

Invasive endpoint
Healthy hMO Development of a differentiation protocol. Wellplate/shaker 100
analysis

Development of an HTS-compatible protocol for | Invasive endpoint
Healthy hMO Wellplate/shaker 2
the differentiation and analysis of hMOs. analysis
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Optimized differentiation protocol results in

Invasive endpoint

Invasive endpoint

Healthy hMO 90
reduced necrotic core formation. analysis analysis
Millifluidic cultivation reduces necrotic core Invasive endpoint
Healthy hMO Millifluidic 89
formation. analysis
Invasive endpoint Invasive endpoint
Healthy hMO Integration of microglia into the hMO model. ot
analysis analysis
Model reveals altered energetic profiles,
apoptosis, mitophagy and reduced dopaminergic
Invasive endpoint
PINK 1 mutation differentiation. Treatment with the repurposed Wellplate/shaker 31
analysis
excipient HP-B-CD rescues PD phenotypes by
improving mitophagic capacity.
Model recapitulates a-synuclein aggregation, Non-invasive recording
3xSNCA dopaminergic neurodegeneration, impaired of electrophysiological Wellplate/shaker 58
astrocyte differentiation and synaptic function. activity
Model recapitulates a-synuclein aggregation in Invasive endpoint
3xSNCA Wellplate/shaker 9
neurons and glial populations. analysis
Comparison of post-mortem samples and hMOs
Invasive endpoint
PRKN mutation reveals reduced numbers of astrocytes in PRKN Wellplate/shaker o4
analysis
patients.
GBA and SNCA Model recapitulates a-synuclein aggregation and | Invasive endpoint
Wellplate/shaker 9%
mutation Lewy Body formation. analysis
Model reveals reduced number and complexity
of dopaminergic neurons. Upregulation of Invasive endpoint
G2019S-LRRK2 Wellplate/shaker %3
FOXAZ2 points at neurodevelopmental alterations | analysis
in PD.
Model recapitulates a-synuclein aggregation and
Invasive endpoint
G2019S-LRRK2 identified role of TXNIP in development of PD Wellplate/shaker 101
analysis
phenotypes.
Development of a machine learning classifier for
Invasive endpoint
G2019S-LRRK?2 optimized data processing and neurotoxicity Wellplate/shaker 102

prediction in a 6-ODHA hMO model.
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1.3 FROM MICROFLUIDICS TO BRAIN-ON-A-CHIP TECHNOLOGY

One technology that provides an ideal basis for tackling the current limitations that restrict
midbrain organoid technology from reaching its full potential, is organ-on-a-chip (OoC)
technology or microfluidics respectively. Descending from the four parent technologies:
molecular analysis, biodefence, molecular biology, and microelectronics, microfluidics
encompasses systems and technologies capable of manipulating minute (10~ to 10~!® liters)
amounts of fluids, using micrometer-sized channels. Due to its beneficial properties including
low sample and reagent volumes, increased sensitivities and resolution, small footprints, and
reduced analysis times microfluidics quickly found high recognition, especially within the field
of analytics.! In 1991, however, studies conducted by Andre Kleber reporting the construction
of a ventricular myocardium through the patterned growth of cells in vitro pointed for the first
time at the potential translatability of microfluidics into the field of biology.!"* With the
introduction of the biocompatible and transparent elastomer poly(dimethylsiloxane) (PDMS)
in the late 1990s, the field of biomicrofluidics swiftly started to emerge. In 2004 Michael Shuler
proposed the concept of micro-cell culture analogs — miniaturized platforms that employ
microfluidic technology for mimicking the organ-level function of human (patho)physiology.
105-107 This concept was taken up by Donald Ingber, who coined it “OoC technology” in 2010,
accompanied by a groundbreaking study using microfluidic engineering principles to develop
a microphysiological system of the human lung. In their study, Huh et al. emulated organ-level
responses to bacteria and inflammatory cytokines in a functional model of the alveolar capillary
interface of the human lung, incorporating both fluid flow and mechanical actuation.!®® Since
then, the field of OoC technology has rapidly expanded. interface of the human lung,
incorporating both fluid flow and mechanical actuation.!®® Since then, the field of OoC

technology has rapidly expanded.
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Figure 5: Graphical illustrations on OoC technology. Bar graph highlighting the increased interest in OoC technology
over the last ten years (A). Graphical comparison of conventional in vitro, in vivo, and OoC technology (with copyright
permission from the journal'®) (B). Distribution of the search results among the various organs of the human body. The
graph was generated in Biorender (C). Note: The number of search results refers to the number of hits obtained in
Google Scholar in response to the listed query keywords.

In 2016 OoC technology was listed among the top ten emerging technologies by the World
Economic Forum. Overall, OoC technology can be defined as a highly transdisciplinary field

encompassing elements of tissue engineering, cell biology, microtechnology, and, most
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importantly, microfluidics. An essential driving force behind its development has been the
strong need for reliable and low-cost alternatives to conventional in vivo and in vitro models.
While animal models provide a highly complex testing system, accounting for, e.g.,
biophysiological stimuli, multi-tissue crosstalk, and the immune system, its intricacy impedes
data interpretation and thus translatability, which in addition is hampered by interspecies
differences. These limitations are further aggravated by high costs and ethical concerns, which
restrict sample sizes and, therefore statistical significance. While conventional in vitro models
provide high throughput and low costs, their substantial deviation from human physiology
renders them unsuitable for clinical studies.!” As depicted in Figure 6B, OoC technology sets
out to bridge this gap by taking advantage of the underlying principles of microfluidics. The
ability to provide precise spatial and temporal control over cellular microenvironments allows
for the emulation of (patho-)physiological tissue niches at the microscale that account for
organotypic cellular arrangements and biophysical stimuli, including compression, stretch as
well as shear stress. At the same time, experimental costs can be kept low by reducing reagent
volumes and allowing for high throughput compatibility. The high flexibility in design,
material, and function coupled with the capability of non-invasive monitoring (e.g., embedded
microsensors) allows for the generation of custom-made platforms applicable to emulate and
study any tissue of the human body.!'® OoC technology has already led to the successful
recreation of various tissue analogs in vitro, ranging from models of the heart, the vasculature,
the gut, and the lung up to models of the human brain.!''"!'> Kasendra et al., for example, could
emulate intestine-like microtissues in vitro by fusing organoid- with OoC technology.!'!'® The
model presents characteristic villi-like projections lined by polarized epithelial cells that
undergo multi-lineage differentiation and, in contrast to its organoid parent tissue, exposes its
apical surfaces to an open lumen. Underlining the importance of biophysical stimulation in

tissue engineering, transcriptomic analysis confirmed a closer resemblance to the human
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duodenum in dynamically differentiated microtissues compared to their organoid counterparts.
Homan et al. utilized the ability to control fluid dynamics to promote the endogenous pool of
endothelial progenitor cells and subsequently trigger in vitro vascularization of iPSC-derived
kidney organoids in vitro.!'” While this approach did not result in readily perfusable vascular
networks; it highlights the importance of fluid shear stress on both vessel formation and tissue
maturation. An alternative approach to the generation of vascular models in vitro was presented
by Campisi et al., who, by co-culturing primary human astrocytes, pericytes, and microvascular
endothelial cells under interstitial fluid flow regimes, were able to bioengineer a 3D capillary
network of the human blood-brain barrier (BBB).!!® This self-assembled microphysiological
model provides perfusable capillaries with significantly lowered barrier permeabilities, a
critical functional characteristic of the BBB. Maoz et al. employed a modular microfluidic set-
up to demonstrate the functional connectivity within the cellular constituents of the
neurovascular unit.!' Using this interconnected platform, the authors were able to show for
the first time that the cells of the BBB and neurons are metabolically coupled. Moreover, OoC
technology was already successfully employed to emulate pathophysiological alterations in
vitro. Benam et al., for example, were able to recapitulate characteristic hallmarks of chronic
obstructive pulmonary disease, including selective cytokine hypersecretion, increased
neutrophil recruitment, and clinical exacerbation by exposure to viral and bacterial infections,
upon introducing patient-derived epithelial cells into their small airway-on-a-chip.!’* By
modulating the compression forces in a microfluidic model of human cartilage, Occhetta et al.
could initiate both a physiological chondrogenic phenotype and an osteoarthritic response when
increasing biomechanical stimulation to hyperphysiological levels.!?° Over the last few years,
efforts have been made to incorporate multi-tissue crosstalk into microfluidic platforms in the

form of so-called humans-on-a-chip.
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Figure 6: Representative overview of tissue-specific OoC platforms. Representative image of the tissue differentiation
obtained in the small-airway-on-a-chip."'3(4) OoC platform for vascularization of iPSC-derived kidney organoids.""” (B)
Bioengineered model of the human BBB. ''® (C) OoC platform for mechanically actuating and cultivating chondrogenic
microtissues '2° (D). Interconnected modular set-up for the emulation of the neurovascular unit on-chip ''° (E) Intestinal
microtissues generated in a mechanically actuated OoC platform. ' (F) Multi-chamber device for the emulation of tissue-
tissue crosstalk on-chip. '*' (G) All images are published with copyright permission from the respective journals.

33



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

A recent study by Ronaldson-Bouchard et al. reported the development of a human-on-a-chip
platform capable of co-culturing and interconnecting four separate tissue analogs, including
microtissues of the heart, the liver, the bone, and the skin, by an endothelial-lined vascular
channel.'?! The interlinked tissues not only maintained their molecular, structural, and
functional phenotypes over a period of four weeks but, more importantly, were able to
recapitulate the pharmacokinetic and pharmacodynamic profiles of doxorubicin in humans,
highlighting the applicability of OoC technology for pharmaceutical applications. Although
OoC technology has expanded massively over the last decade (see Figure 6), only a handful of
studies have set out to combine brain organoids with OoC technology (see Figure 7). Among
those studies, most have focused on assessing the effects of neuroteratogens such as nicotine
or cannabis on neurogenesis. Wang et al., for example, showed that prenatal nicotine exposure
results in aberrant cortical differentiation and disrupted neuronal outgrowth, a prerequisite for
forming mature neuronal networks.!'??> Similar observations were reported by 4o et al., who
assessed prenatal exposure to the neuroteratogen A-9-tetrahydrocannabinol in a microfluidic
device featuring an air-liquid interface.!?® By increasing oxygen availability over the course of
organoid differentiation, the authors were able to drastically reduce the formation of hypoxic
cores in the neuronal microtissues. Impaired neurogenesis, characterized by increased cell
death, altered regionalization, and reduced neuronal differentiation, was also reported upon
exposure to cadmium, a common component of electrical batteries.'* Park et al. employed a
microfluidic cultivation set-up to investigate the interrelationship between interstitial fluid flow
and B-amyloid mediated neurotoxicity.!?® Using their Alzheimer’s disease model, the authors
could demonstrate enhanced neurotoxic effects elicited by B-amyloid upon exposure to
dynamic cultivation conditions, underlining the importance of interstitial fluid flow in
neurobiological studies. It must be noted that while this study employed primary rat

neurospheres, it could easily be expanded by human brain organoids. In an elegant study by
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Karzbrun et al., a microfluidic device was employed to study the physical underpinnings of
human brain wrinkling.!?¢ Using in sifu imaging, cytoskeletal contraction at the organoid core
and nuclear expansion at the organoid’s perimeter were identified as the two opposing forces
contributing to brain organoids' differential growth. Moreover, the authors observed reduced
convolutions, modified scaling, and a lowered elastic modulus when monitoring the folding of
organoids carrying a mutation in lissencephaly-1 (LIS +/-), a genetic predisposition giving
rise to a lissencephalic phenotype characterized by a lack of cortical gyrations. Rifes et al.
utilized the ability of microfluidics to provide a high degree of spatiotemporal control to
emulate neural tube formation in vifro.!?” To that end, the authors integrated a gradient
generator into their microfluidic device, exposing human embryonic stem cells to a linear
gradient of the glycogen synthase kinase three inhibitor, an activator of the canonical wingless-
related integration site (WNT) pathway, an essential signaling cascade in embryonic
development. Using this approach, Rifes et al. induced rostrocaudal organization already 24
hours into on-chip cultivation, which resulted in a neuron-specific transcription profile in
rostral cells 24 hours thereafter.!?” While this study technically does not include brain
organoids; it illustrates the vast potential that OoC technology offers in the context of in vitro
brain modeling. Lastly, a recent study by Cho et 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%. It must be noted, however, that while the
above-referenced studies have provided valuable insights into fundamental aspects of
neurogenesis, none have 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 and a significant limitation
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Microfluidic model for studying brain folding events in vitro '*° (G). Gradient generator-based OoC platform
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36



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

in organoid technology. Furthermore, except for two studies, one employing primary rat
neurons and the other omitting dynamic culture conditions, none of the presented studies
focused on neurological diseases, despite increasing knowledge on the role of interstitial fluid

flow in neuropathology.

1.4 TACKLING THE ISSUE OF LOW ANALYTICAL ACCESSIBILITY
— SENSING STRATEGIES IN ORGAN-ON-A-CHIP TECHNOLOGY

While OoC technology provides a range of advantageous properties, one essential benefit,
namely the ability of non-invasive monitoring through the integration of sensors, often remains
overlooked. Overall, sensors in OoC technology can be classified into three categories:
electrical, electrochemical, and optical.!?® In each case, the sensor is separated into three
individual parts: a sensing or recognition element, a transducer that converts the sensing event

into a signal, and lastly, a detector for signal processing (see Figure 8).

1) Electrical Sensor

f. )

OoC Platform 2) Optical Sensor
Cellular Barrier

Sensor/Transducer 3) Electrochemical Sensor

Detector

Figure 8: Schematic overview of the three different sensing principles found in OoC platforms. Modular configuration of 1)
electrical sensors, 2) optical sensors, and 3) electrochemical sensors.
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1.4.1 Electrical Sensors

Electrical sensors constitute the most common type of sensor within OoC platforms, owing to
their ease of integration and extensive knowledge within the field of microelectronics. They
can be employed to assess parameters such as strain, cellular impedance, and extracellular field
potentials, providing valuable information about a range of cellular properties, including barrier
integrity, cell growth, morphology, and electrophysiological activity.!?® As depicted in Table
3, trans-epithelial/endothelial electrical resistance (TEER) measurements present the
predominant sensing strategy among any sensors in OoC platforms (> 1/3 of all studies). By
assessing the resistance between two electrodes placed on either side of a semipermeable
membrane - that acts as a culturing substrate for barrier-forming cells - conclusions on barrier
integrity, a vital property of any physiological barrier, can be drawn. It must be noted, however,
that the placement of the electrodes can significantly affect TEER results, as such measurement
set-ups must be assessed prior to comparing different data sets.!*® Zoio et al. developed a
TEER-integrated microfluidic platform for monitoring the barrier integrity of a full-thickness
human skin model.'*® The study confirmed the strong correlation between sensitivity
distribution, electrode placement, and electrode size by employing finite element analysis.
Based on this data, the authors were able to improve the sensitivity of the on-chip TEER
measurement in comparison to conventional chopstick set-ups by placing electrodes of a
defined size directly opposite each other. Odijk et al. tried to account for the discrepancies
between traditional and microfluidic TEER set-ups by developing and validating a
mathematical model.!3! Using the proposed model, the authors could extrapolate comparable
TEER data from their microfluidic device as long as the tissue analog remained in a monolayer
regime (first ~70 h). In their study, Odijk et al. further showed that a slight reduction in cell
coverage (0.4%) could cause a significant drop (80%) in TEER, underlining the methods’

intrinsic sensitivity and thus low comparability.'3!
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In addition to conventional TEER measurements, studies in OoC have set out to expand the
method’s applicability and set-up. For example, Van der Helm et al. utilized impedance
spectroscopy to non-invasively monitor colon tissue differentiation in a TEER-integrated gut-
on-a-chip platform.!3? Using a four-terminal sensing approach, the authors were able to show
that capacitance can be used as a predictor of the state of villi formation. Yeste et al., on the
other hand, employed a planar measurement set-up using microgrooves to determine barrier
integrity in a parallelly aligned model of the blood-retinal barrier.!*> Several small and
independent platinum TEER electrodes were distributed throughout the platform to allow for
optical access to the OoC model.

In contrast to TEER, electrical cell-substrate impedance sensing (ECIS) employs an array of
small electrodes and a large common counter electrode embedded on a planar surface. By
monitoring changes in impedance at a selected frequency, ECIS can provide information on
cell attachment and growth, morphology, and cellular motility.!?® For example, Wu et al.'3*
utilized ECIS for the time-resolved monitoring of cytotoxic effects mediated by three
established antineoplastic drugs against lung cancer. To allow for the attachment of cancer
spheroids on the electrodes and thus the measurement of the 3D microtissues on-chip,
electrodes were coated with laminin prior to the seeding of the device. A novel ECIS sensing
strategy was published by Schuller et al., who integrated interdigitated electrodes on polyester
membranes in a multi-step protocol.!*> The authors demonstrated comparable results between
ECIS measurements using membrane electrodes and TEER, providing an alternative approach
to monitoring barrier integrity in OoC platforms.!*¢ Multi electrode arrays (MEAs) comprise
arrangements of hundreds of microelectrodes that enable the spatiotemporal mapping of
electrophysiological events. As such, MEAs provide a valuable tool in the characterization and
functional assessment of electrically active cells and microtissues such as neurons and

cardiomyocytes.!’” By using platinum black electrodes and a field-programmable gate array,
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Perrier et al. expanded the applicability of MEAs to pancreatic islet microtissues and their
electrophysiological activities, characterized by slow potentials.!3® Using their measurement
set-up, the authors could (i) record islet activation and (ii) discriminate between responses to
varying glucose concentrations. Lastly, by measuring resistance changes in a conductive
meander formed electrode, electrical sensors can further be employed to monitor and control
mechanical deformation.!*® As of yet, however, strain sensors have not been integrated into

OoC platforms.

1.4.2 Electrochemical Sensors

Electrochemical sensors utilize an analyte’s electrochemical interaction with an electrode for
its subsequent measurement. Read-out is achieved either by (i) the formation of a potential
difference (potentiometric sensors) or (ii) a flow of current (amperometric sensors) between
two electrodes. Electrochemical sensors are referred to as biosensors if biological molecules
are employed as recognition elements. Potentiometric sensors encompass metal oxide-based
(MOx) and ion-sensitive field-effect transistors (ISFET). While MOx sensors measure the
potential difference between a MOx working electrode and an Ag/AgCl reference electrode,
ISFET sensors employ ion-sensitive membranes to generate an electrochemical interaction
between an electric field and a charged analyte of interest. In amperometric set-ups, on the
other hand, a potential is applied between a chemically stable working electrode and a reference
electrode, usually with the aid of a third auxiliary electrode. In the presence of
electrochemically active species, the current measured between the two electrodes will be
altered by the analyte’s interaction with the working electrode. This interaction directly
translates into an electrical signal measured by the amperometric sensor.'?® One successful
application of an amperometric sensor in an OoC platform was published by Jin et al. in

2019.!40 By integrating a flexible electrochemical sensor into their vascular OoC platform, Jin
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et al. were able to exert cyclic circumferential stretch within their platform and subsequently
monitor mechanically induced biochemical signals of primary endothelial cells (nitric oxide
(NO), ROS) in real-time.!*® To expand the application of amperometric sensors to non-
electrochemically active species, electrodes can be functionalized with biological recognition
elements, e.g., enzymes. For example, Ortega et al. functionalized screen-printed gold
electrodes with capture antibodies against IL-6 and TNF-a to monitor myokine release in-line
of their muscle chip.'*! On-chip myoblasts were stimulated either electrically through an
indium tin oxide array or biologically using bacterial lipopolysaccharides to induce muscle

contraction.

1.4.3 Optical Sensors

To deduce information on the status of a system, optical sensors rely on the detection of
changes in optical properties, including absorption, scattering, and luminescence.'?® Rothbauer
et al. utilized light scattering to predict pathological changes in matrix remodeling observed
during rheumatoid arthritis.'*? Using this optical and label-free approach, the authors
demonstrated significant differences in light scattering between control and TNF-a treated
synovial microtissues, three days into biological stimulation. The study provides an elegant
proof-of-principle highlighting the applicability of light scattering for the detection of subtle
morphological variations on-chip. Photoluminescent sensors are composed of luminescent
indicator dyes embedded within a polymer matrix. The sensor’s properties and specificities can
be modulated by the choice of the indicator dye, matrix, and further additives (e.g., enzymes).
Read-out is accomplished by the combination of an external light source and detector mounted
on top of the microfluidic platform. Optical detection in luminescent sensors can be based

either on fluorescent lifetime or intensity.

41



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verflgbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

POMS chip,

-
- Sy ..' =
Bunseriior plusa pg in P
— Hanging draps

3D Synovium-on-a-chip with seattering blosensing

Optizal fitars
with callimatoms

¢ sidn view gt saaen
Light Baam
o acatler
anslysis

Stk sk 00 e

i

L ]

it

Aty b Bgarear

AN b b

Cellagen gell Collagen gel
hladl,am ‘Matrigel f“\
(T / C /
N/ SONS o 1 \
m """ 41d 1 :H‘_ﬂu 4 W
T =T TR :!: - e |
I / .f\. \ \..‘ ! [ty
Slwlul:llrrwnhla:.h Hu:ﬂthundll Motor neursn  pguronal cutgrowth
spheraid
Timerine . ] | ']
-14d -13d od 14d

Figure 9: Representative examples of sensor integrated OoC platforms. Multi-electrochemical sensor integrated OoC platform
for monitoring oxygen, lactate, and glucose of embedded tumor organoids. ' (4) Example of a TEER-integrated OoC device'”
(B). Biosensor interface for real-time monitoring of 3D microtissue spheroids in microfluidic hanging-drop networks'** (C).
Measurement set-up for light-scattering measurements on-chip'®? (E). Regeneratable breadboard set-up for in-line
measurement of various biomarkers.'* (D). HuMiX-platform for emulating the human—microbe interface on-chip ''* (F). OoC
platform for optical assessment of muscle contraction based on pillar deflection'*® (G). All images are published with copyright
permission from the respective journals.
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Fluorescent lifetime describes the time that passes between the excitation of the fluorescent
indicator dye via an external light source and the subsequent emission of a photon. While
intensity-based measurements are prone to errors associated with inhomogeneous illumination
and bleaching, lifetime-based measurements provide a reliable alternative. In both cases, the
interaction of an analyte of interest with the fluorescent indicator dye can modulate the
resulting signal, either through amplification or quenching.'?® Due to their ease of integration,
several OoC studies have employed luminescent-based sensors to monitor and control oxygen
levels within microfluidic platforms.!*"-1>° Matsumoto et al., for example, utilized the cell’s
respiratory activity to generate a defined oxygen gradient on-chip by modulating media
perfusion rates and monitoring via oxygen imaging.'*® As oxygen is a critical regulator in liver
zonation; the authors could emulate both perivenous and periportal phenotypes in their OoC
device. Absorption-based sensors make use of a shift in the absorption spectrum upon the
interaction of an indicator dye with an analyte of interest. However, the small light paths within
microfluidic devices restrict their applicability in OoC platforms. In addition to the
abovementioned optical sensing strategies, a few studies in OoC have made use of the device’s
optical accessibility to monitor the functional parameter of myoblasts: cell contractibility by
employing conventional microscopy.!46:15:152 While this approach does not in itself constitute
a sensor, it was included in Table 3, as it provides valuable information on the tissue’s
functionality in a label-free and non-invasive manner. Osaki et al., for instance, employed this
strategy in their intricate study on amyotrophy lateral sclerosis (ALS).!#¢ Using this method,
the authors demonstrated pathological phenotypes of ALS, including impaired muscle
function, which could be rescued after the co-administration of rapamycin and bosutinib in

their neuromuscular junction on-a-chip platform.
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1.4.4 Multiple-Sensor Integrated OoC Platforms

Over the last years, efforts have been made to combine multiple sensing strategies into single
OoC platforms to enhance statistical power and provide comprehensive data. While most of
these studies merely provide proof of principles, these attempts, nonetheless, have
demonstrated a clear added value created by integrating complemental sensing strategies. For
example, Shah et al. combined an optical oxygen sensor with TEER measurements to monitor
barrier integrity and control oxygen availability in a model of the gastrointestinal human—
microbe interface.''* Qian et al. provided a proof-of-principle study showing the beneficial
aspects of incorporating MEAs with IDE to record the two critical functionalities of iPSC-
derived cardiomyocytes on-chip, electrophysiological activity and cell contraction.!>* Dornhof
et al. presented a multi-electrochemical sensor integrated polymethyl methacrylate- (PMMA-)
platform capable of non-invasively monitoring the three analytes, oxygen, lactate, and glucose,
on-chip.'** When culturing patient-derived tumor microtissues generated from triple-negative
breast cancer stem cells in hydrogels within the platform, the authors were able to quantitatively
assess metabolite consumption and production rates and record responses to the anti-cancer
drug doxorubicin. Despite the restricted stability of enzyme-based sensors, Dornhof et al.
demonstrated sensor functionalities for more than one week.!** To circumvent the issue of
limited sensor stability, the group of Ali Khademhosseini developed an alternative, in-line
microfluidic electrochemical biosensing approach, which provides built-in on-chip
regeneration capability for continual measurement of cell-secreted soluble biomarkers in a fully
automated manner.!*134157 Using this approach, the group was able to detect a range of
biomarkers, including albumin, glutathione transferase alpha (GST-a), and creatine kinase MB
(CK-MB), by functionalizing the electrodes with aptamers or antibodies, respectively. A
minimum of 25 regeneration cycles were reported by Shin et al., underlining the sensing

strategy’s applicability for medium to long-term experiments. !4
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Overall, sensor integrated OoC platforms provide a powerful strategy to address the issue of
low analytical accessibility. It must be noted, however, that this part of OoC technology is still
in its infancy, with more than 50% of all studies merely providing proof of principles that lack
any follow-up studies or practical applications. In addition, many studies focus on developing
novel sensing strategies instead of reusing available protocols or commercially available
sensors. While every sensing strategy has intrinsic limitations and can be continuously
optimized, it must be considered that any further information on the on-chip model’s state
already provides added value. Studies such as the work published by Khademhosseini’s group,
for example, offer an essential groundwork for establishing this goal, as by exchanging the
recognition elements, the in-line platform can be readily adapted to a broad range of analytes.
In summary, to address the limitation of low analytical accessibility that goes hand in hand
with models of increased complexity, the next steps in OoC technology will need to focus on
the development of multi-sensor integrated platforms. These steps include (i) the combination
of orthogonal sensing strategies and (ii) the utilization of previously published off/on-chip

protocols.
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Sensing

Table 3: Comprehensive overview of sensor integrated OoC platforms.

Tissue Type

Analyte/

Read-out Applicati Not Ref.
Strategy and Dimensionality Parameter cad-ou pplication ote €
Applicability assessment of
Human bronchial barrier Cell growth . I.Jp . Y L.
Impedance X . Real-time microimpedance tomography for - Proof-of-principle 158
- Bronchial cell line (16HBE140) and membrane . .o .
Tomography . . . On-chip monitoring membrane deflection and
- Two-dimensional (2D) deflection
cell growth
Human skin barrier ) Proof—of-pr}nmgle .
. . . - Impaired visualization but
- Primary foreskin-derived dermal Real-time . d vt
TEER fibroblasts (HDF) Barrier integrity On-chi Assessment of barrier integrity zijt’ rivi, senstvity 130
- Primary epidermal keratinocytes (HEK) P istribution .
- Electrode wire
- 3D
Human skin barrier
- Immortalized keratinocyte cell line - Proof-of-principle
TEER (HaCaT? . Barrier integrity Real-time Asses.sment of barr.ier int.egrity‘upon - Integration of dendritic 159
- Leukemic monocyte lymphoma cell line On-chip chemical and physical stimulation cells
Electrical (U937) - Electrode wire
- 2D
Sensor
Human BBB - Emulation of
- iPSC derived blood endothelial cells, Real-time physiologically relevant
TEER astrocytes, and neurons Barrier integrity On-chi Assessment of barrier integrity TEER values for up to 5 160
- 3D P days.
Human and canine glomerular filtration barrier
- Primary renal mixed epithelial cells Real-time Assessment of barrier integrity - Proof-of-principle
TEER (HREC) Barrier integrity On-chi prior and after the initiation of a Ca*" | - Electrode wire ot
- Renal epithelial cell line (MDCK) P switch
- 2D

46




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Validation of a mathematical model Proof-of-principle
TEER Human colon tissue Barrier integrity Real-time to account for geometric differences 13t
- Epithelial cell line (CaCo-2) On-chip in Transwell systems and
- 2D microfluidic devices
Human blood-retinal-barrier Proof-of-principle
- Retinal pigment epithelial cell line (ARPE- Parallel multi-chamber set-
19) Lo . Real-time - . up employing electrodes 133
TEER B 1t . A tof b tegrit
- Primary endothelial cells (HREC) arrier integrity On-chip SEcSSmet OF Dartiet wiegrty embedded on one common
- Neural cell line (SH- SY5Y) substrate
- 2D-3D
Proof-of-principl
Human lung/gut barrier rooto PnAn crpie
o1 . Changes in impedance
- Epithelial cell line (CaCo-2) . .
. . o Lo . Real-time Assessment of impedance spectra allow for the 132,162
TEER - Primary airway epithelial cells Barrier integrity . .o . . ’
3D On-chip spectroscopy for monitoring TEER monitoring of tissue
i differentiation (villi
formation)
Human corneal barrier Proof-of-principle
) s . R Real-ti . L
TEER Corneal epithelial cell llr}e (HCE-T) Barrier integrity ea {me Assessment of barrier integrity Dyna.rr4nc ct.lltlvatlon. . 163,164
- Corneal keratocyte cell line (HCK) On-chip conditions improve in vivo
- 3D comparability
. Comparison of TEER and ECIS. Proof-of-principle
Human placental barrier Real-time Assessment of barrier integrity upon Membrane-based
ECIS - Trophoblast cell line (BeWo) Barrier integrity . . gy up s 136
On-chip exposure to nanoparticles (ZnO2 and electrodes
- 2D .
Si0»)
Human lung cancer tissue
- Epithelial cell lines (A549, H1299, H460)
- 3D .
Real-t ~of-princi
ECIS Cell index Oea h14me Drug screening Proof-of-principle 134
Multi organ set-up (murine/human): fi-chip
- Liver epithelial cell line (HepG2)
- Cardiac muscle cell line (HL-1)
- Lung epithelial cell line (A549)

47




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Murine pancreatic islets

- Isolated from adult male C57BL/6 mice . Real-time Assessment of islet activity after Proof-of-principle 138
MEA Islet ion flux . . . .
(15-20 weeks old) On-chip stimulation with glucose
- 3D
Murine muscle tissue . . . .
. Cytokine release: IL-6, . Cytokine release upon electrical and Proof-of-principle 141
Amperometry - Skeletal myoblast cell line (C2C12) In-line A . . -
TNF-a biological stimulation
- 3D
Electro-
chemical
Sensors Human vasculature . . .
. . . Assessment of biochemical signals L
- Primary endothelial cells (HUVECs) . . . Real-time Proof-of-principle 140
Amperometry Circumferential strain . released upon vascular
- 2D On-chip .
mechanotransduction (NO)
L Identification of pathological
Human synovial tissue . Lo . .
Lisht-scatteri Fibroblast lik foevt Ti deli Real-time alterations in extracellular matrix Proof-of-principle @
ight-scatterin - issue remodelin, . . .
& g 3]1) roblast like synoviocytes & Off-chip (ECM) remodeling in rheumatoid
. arthritis
. Use of laser-capture
Human breast cancer tissue Real-time Establishment of a hypoxic tumor icrodissection ft i
. . - microdissection for region-
Luminescence - Breast cancer cell line (MCF-7) Oxygen . . . P R R & 147
b On-chip microenvironment specific analysis
Optical
Sensors Rat liver ti
at liver tissue
. U . . Establishment of a cell-mediated . .
. - Primary hepatocytes (isolated from an 8- Real-time . . . Oxygen imaging 148
Luminescence j Oxygen . oxygen gradient results in partial
weeks-old male Wistar rat) On-chip . . .
liver-like zonation
- 2D
Murine BBB
Real-time Modulation of oxygen in Focus on oxygen
Luminescence - Immortalized brain endothelial cell line Oxygen On-chi microfluidic devices and scavenging properties of 149
(cerebEND) P establishment of an ischemic stroke microfluidic device
- 2D model
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Human liver tissue
- Bipotent progenitor cell line (HepaRG)

Enhanced differentiation

. - Peripheral blood mononuclear cells Real-time Monitoring of OCR in static and of liver tissue under
Luminescence Oxygen . . L . 150
(PBMCs) On-chip dynamic cultivation set-ups dynamic culture
- Primary endothelial cells (HUVECs)) conditions.
- 3D
Murine and human neuromuscular junction
- i i Devel t of a microfluidi i
. Embryonic muscle stem cell line HBG3 Contractile force Real-time evelopment o ‘a microflui 1c4 De\felopment of opltlcally e
Microscopy (Hb9-GFP) . . . . model for studying amyotrophic excitable motor units -
. (micropillar deflection) Off-chip .
- Myoblast cell line (C2C12) lateral sclerosis
- 3D
Oth i . . A ing the effect that cellul
e‘r . Huma.n muscle tissue Contractile force Real-time SSCSSIIllg ¢ cree) Tt cear In-depth study 165,166
Sensing Microscopy - iPSCs . . . . maturation has on drug »100
! (micropillar deflection) Off-chip .
Strategies - 3D responsiveness
in OoC
. . . Development of a microfluidic o
. Human muscle tissue Contractile force Real-time . . Proof-of-principle 167
Microscopy . . . . . . perusable multi-well plate design for
- Pluripotent stem cell line (BJ1D) (micropillar deflection) Off-chip . L
various applications
. Human .Vasculature . . Development and characterization of Proof-({f-prln01ple. .
Capillary-based | - Primary endothelial cells (HUVECs) Real-time . Emulation of physiological | 4
Pressure . a pressure sensor integrated
pressure sensor | - 2D On-chip . S blood pressure
microfluidic circulatory system
Human liver, cardiac, muscle and neuronal
tissue
- - Prm@ry hepatoc.ytes / hepatocellular Contractile force
Electrical carcinoma cell line (HepG2/C3A) . . . .
) . : ) (cantilever deflection) Real-time L Multi-OoC set-up 169-171
and optical - iPSC-derived cortical neurons . . Pharmacokinetics
. . . and electrical On-chip
sensor - iPSC-derived cardiomyocytes ..
. conductivity (MEA)
- Skeletal muscle progenitor cells
- Primary motoneurons
- 2D/3D
. . Devel t of a microfluidi
. Oxygen (luminescent), Real-time eve opent o ‘amlcro e A 114
Human gut tissue s . . model for studying the 24 h co-cultivation of
barrier integrity (TEER), | On-chip

- Epithelial colorectal cell line (Caco-2)
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Combined
Sensing
Approaches

Electrochemical | - 3D cells with two commensal
and optical bacteria
sensor
i i Real-ti
Huma; hvet:r tlsl?ule . 1 0 Oea 1me Assessment of the mitotoxic effects
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2. AIMS, RESULTS, AND CONCLUSION

2.1 AIMS OF THE THESIS

Organoid technology encompasses strategies and techniques that focus on the emulation of
intricate organotypic characteristics ex vivo; as such, it has become an imperative tool in in
vitro modeling. This scientific advancement has been of particular importance in the context
of PD, a disorder that, due to a persistent lack of neuroprotective and disease-modifying
treatment strategies, to this date, remains restricted to symptomatic control. Despite the
significant progress that has been made in modeling PD employing midbrain organoids over
the last years, a few fundamental limitations have restrained the technology from reaching its
full potential. These drawbacks include (i) the omittance of biophysical cues such as interstitial
fluid flow, an essential player in tissue homeostasis, (ii) nutrient-deficiency-based growth
restrictions resulting from the organoids' intrinsic structure and the concomitant lack of
vasculature, as well as (iii) low analytical accessibility restricting time-resolved monitoring.
To address these limitations, the primary focus of this dissertation has been directed toward
developing a multi-sensor integrated OoC platform for the long-term cultivation and non-
invasive monitoring of hMOs. The key aspects of the dissertation include 1) the design,
development, and fabrication of a microfluidic platform for the dynamic cultivation of
midbrain organoids, 2) the development and characterization of non-invasive sensing strategies
for monitoring essential cellular parameters including oxygen consumption, metabolic activity,
DA release, and electrophysiological activity and 3) the study of interstitial fluid flow-mediated
effects on hMO differentiation, PD phenotypes as well as therapeutic outcomes.

The dissertation is of cumulative origin. It consists of four first-author publications, thereof

three original research articles and one preprint.
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2.2 OVERVIEW OF RESEARCH ARTICLES

2.2.1 MANUSCRIPT #1

Title: Every Breath You Take: Non-invasive Real-Time Oxygen Biosensing in Two- and
Three-Dimensional Microfluidic Cell Models.

Authors: Helene Zirath*, Mario Rothbauer*, Sarah Spitz*, Barbara Bachmann*, Christian
Jordan, Bernhard Miiller, Josef Ehgartner, Eleni Priglinger, Severin Miihleder, Heinz Redl,
Wolfgang Holnthoner, Michael Harasek, Torsten Mayr and Peter Ertl.

*...These authors contributed equally to the work.

Published: Front. Physiol. 9:815. doi: 10.3389/fphys.2018.00815

Summary: The oxygen tension a cell is exposed to in vivo strongly varies based on the cell’s
respective residential tissue. Control of this crucial physiological parameter in vitro requires
precise information on the dissolved oxygen levels individual cell populations sense. While
several oxygen sensing strategies have been reported for conventional in vitro cell culture set-
ups, little is known about spatio-temporal variations of dissolved oxygen concentrations in
microfluidic devices. To better understand the distribution of oxygen levels within these
platforms, two oxygen sensor integrated microfluidic chips have been designed and were
subsequently employed to investigate (I) oxygen consumption rates in 2D and 3D cell cultures
set-ups, (II) the establishment of oxygen gradients along microfluidic culture chambers and
(III) the influence of microfabrication materials (e.g., gas-tight vs. gas permeable), surface
coatings, cell densities, and medium flow rates on the respiratory activities of four different
cell types. Furthermore, the study shows how cyclic alternating normoxic-hypoxic

microenvironments can be accomplished using programmable flow profiles.
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Author Contribution:

Helene Zirath, Mario Rothbauer, Sarah Spitz, Barbara Bachmann, and Peter Ertl conceived the
study and designed the experimental outline. Helene Zirath, Sarah Spitz, Barbara Bachmann,
and Mario Rothbauer performed the microfluidic experiments, analyzed the data, and wrote
the manuscript. Christian Jordan and Michael Harasek performed and analyzed the
computational fluid dynamics (CFD) simulations. Berhard Miiller, Josef Ehrgartner and
Torsten Miiller manufactured the optical oxygen sensors. Eleni Priglinger, Severin Miihleder,
Wolfgang Holnthoner, and Heinz Redl isolated and transfected the primary cells used within
the study and provided knowledge on the development of the 3D vasculature model. All authors

approved the final manuscript.

2.2.2 MANUSCRIPT #2

Title: Bridging the academic-industrial gap: Application of an oxygen and pH sensor
integrated lab-on-a-chip in nanotoxicology.

Authors: Helene Zirath*, Sarah Spitz*, Doris Roth, Tobias Schellhorn, Mario Rothbauer,
Bernhard Miiller, Manuel Walch, Jatinder Kaur, Alexander Worle, Yvonne Kohl, Torsten
Mayr and Peter Ertl.

*...These authors contributed equally to the work.

Published: Lab Chip, 2021, 21, 4237. doi: 10.1039/d11c00528f

Summary: The ability to provide dynamic microenvironments, the use of small reagent
volumes, and thus lowered experimental costs, coupled with a high degree of scalability, has
rendered microfluidics a powerful asset in the field of nanotoxicology. However, a broader
application of advanced microfluidic-based assays is greatly limited by the lack of industry-
relevant prototypes. A dual-sensor integrated microfluidic platform using industrial

specifications, materials, and fabrication methods was developed to address this academic-
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industrial gap. Non-invasive and time-resolved monitoring of cellular oxygen uptake and
metabolic activity (pH) in the absence and presence of nanoparticles was accomplished by
integrating optical sensor spots into a cyclic olefin copolymer (COC)-based microfluidic
platform. To assess the platform’s applicability in the context of nanotoxicological screening,
representative cells of two physiological barriers, essential in the protection from exogenous
factors, the intestine (CaCo-2) and the vascular network (HUVECs), were integrated into the
microfluidic platform for subsequent analysis under dynamic conditions. The results of the
nanotoxicological study were contrasted using state-of-the-art dye exclusion assays,
demonstrating a high degree of comparability. Overall, the study highlights the benefits of
employing a compact and cost-efficient microfluidic dual-sensor platform as a pre-screening
tool in nanomaterial risk assessment and as a rapid quality control measure in medium to high-
throughput settings.

Author Contribution: Sarah Spitz, Helene Zirath, and Peter Ertl conceived the project,
designed the experimental outline, and wrote the manuscript. Sarah Spitz, Helene Zirath,
Tobias Schellhorn, and Mario Rothbauer performed the microfluidic experiments and analyzed
the data. Sarah Spitz and Doris Roth performed the CFD simulations. Bernhard Miiller and
Torsten Mayr manufactured the optical oxygen and pH sensors. Jatinder Kaur, Alexander
Worle, and Manuel Walch fabricated and characterized the microfluidic device. Yvonne Kohl
provided the A549 and the Caco-2 cell line and shared her expertise in cell culture. All authors

contributed to and revised the final manuscript.

2.2.3 MANUSCRIPT #3

Title: Monitoring the neurotransmitter release of human midbrain organoids using a redox
cycling microsensor as a novel tool for personalized Parkinson’s disease modeling and drug

screening.
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Authors: Cristian Zanetti*, Sarah Spitz*, Emanuel Berger, Silvia Bolognin, Lisa M. Smits,
Philipp Crepaz, Mario Rothbauer, Julie M. Rosser, Martina Marchetti-Deschmann, Jens C.
Schwamborn and Peter Ertl.

*...These authors contributed equally to the work.

Published: Analyst, 2021, 146, 2358. doi: 10.1039/d0an02206c¢.

Summary: With its ability to generate organotypic structures in vitro, iPSC technology has
provided the basis for developing advanced patient-derived disease models. These include
models of the human midbrain, the affected region in the neurodegenerative disorder
Parkinson’s disease. However, the analysis of so-called hMOs has relied on time-consuming
and invasive strategies, incapable of monitoring organoid development. This study developed
a novel electrochemical sensing approach capable of detecting DA, the primary biomarker in
Parkinson’s disease, within the highly complex cell culture matrix of hMOs. Using a non-
invasive and label-free redox-cycling approach combined with a 3-mercaptopropionic acid
self-assembled monolayer modification increased sensor selectivity and DA sensitivity while
simultaneously reducing matrix-mediated interferences. The work demonstrates the ability to
detect and monitor even slight differences in DA release between healthy and Parkinson's
disease-specific hMOs over prolonged cultivation periods, which was additionally verified
using liquid chromatography—multiple reaction monitoring mass spectrometry. Furthermore,
the detection of a phenotypic rescue in hMOs carrying a pathogenic mutation in LRRK2 upon
treatment with the LRRK2 inhibitor II underlines the applicability of the presented sensing
approach for drug screening purposes.

Author Contribution: Sarah Spitz, Cristian Zanetti, Silvia Bolognin, Jens Schwamborn, and
Peter Ertl designed and conceptualized the study with input from Julie Rosser and Mario
Rothbauer. Sarah Spitz, Cristian Zanetti, and Peter Ertl wrote the manuscript. Sarah Spitz and

Cristian Zanetti conducted the experiments and performed data analysis. Silvia Bolognin,
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Emanuel Berger, and Lisa Smits provided the hMOs and performed immunohistochemical
analyses. Philipp Crepaz and Martina Marchetti-Deschmann conducted high performance
liquid chromatography (HPLC) multiple reaction monitoring-mass spectrometry (MRM-MS)
measurements and performed data analysis. All authors have approved the final version of the

manuscript.

2.2.4 MANUSCRIPT #4

Title: Development of a multi-sensor integrated midbrain organoid-on-a-chip platform for
studying Parkinson’s disease.

Authors: Sarah Spitz, Silvia Bolognin, Konstanze Brandauer, Julia FiiB3l, Patrick Schuller,
Silvia Schobesberger, Christian Jordan, Barbara Schidl, Johannes Grillari, Heinz
Wanzenbock, Torsten Mayr, Michael Harasek, Jens C. Schwamborn, Peter Ertl

Published: Submitted to bioRxiv

Summary: By emulating intricate cytoarchitectural features and physiological functions of the
human midbrain, the afflicted region in Parkinson’s disease, midbrain organoids have shown
to provide a powerful alternative to conventional disease models, which remain unable to
reflect the disease’s complex pathology adequately. However, the technology’s full potential
is still hampered by a handful of key limitations, including tissue immaturity, insufficient
nutrient supply, and low analytical accessibility. Employing a novel multi-sensor integrated
OoC platform, a marked reduction in necrotic core formation, enhanced tissue differentiation,
and the recapitulation of the main pathological hallmarks of PD were demonstrated. Non-
invasive monitoring using a combination of optical, electrical, and electrochemical sensors
revealed Parkinson’s disease-associated phenotypes. Furthermore, drug-mediated rescue
effects were observed after treatment with a repurposed compound, highlighting the platform’s

potential in the context of drug screening applications as well as personalized medicine.
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Author Contribution: Sarah Spitz, Peter Ertl, Silvia Bolognin, and Jens C. Schwamborn
conceived and designed the study. Sarah Spitz and Konstanze Brandauer conducted
microfluidic experiments. Sarah Spitz, Julia Fii}l, and Silvia Schobesberger performed DA
measurements.  Sarah  Spitz, Patrick Schuller, Heinz Wanzenbock performed
electrophysiological studies and provided expertise on microfabrication. Torsten Mayr
provided expertise in oxygen sensing. Sarah Spitz, Silvia Bolognin, Barbara Schidl, and
Johannes Grillari performed immunohistochemical analysis. Christian Jordan and Michael
Harasek performed CFD simulations. Sarah Spitz and Silvia Bolognin conducted data analysis.

All authors revised and approved the final manuscript.
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2.3 SCIENTIFIC CONTRIBUTION OF THE DISSERTATION,

CONCLUSION, AND OUTLOOK

This doctoral thesis set out to develop a multi-sensor integrated microfluidic platform for the
long-term cultivation and monitoring of hMOs to a) increase the analytical accessibility of OoC
platforms and b) establish an advanced PD model based on the combination of microfluidic
technology with midbrain organoid technology. Analytical accessibility not only constitutes a
key limitation in any in vitro 3D biological system such as organoids but is still considered an
untapped potential within OoC technology. Consequently, specific focus of this doctoral thesis
has been directed toward expanding the sensing portfolio of OoC technology.

As changes in dissolved oxygen levels (DO) can provide valuable information about key
parameters - common among any tissue type - such as cellular viability, tissue growth and
maturation, pathophysiological alterations, as well as toxicological effects, DO constitutes an
ideal candidate for non-invasive monitoring in OoC platforms. To that end, MANUSCRIPT
#1, titled: “Every Breath You Take: Non-invasive Real-Time Oxygen Biosensing in Two- and
Three-Dimensional Microfluidic Cell Models,” set out to study the broad applicability of
oxygen sensing within microfluidic platforms. Next to the development of an optimized
protocol for determining respiratory activities on-chip, the applicability of oxygen monitoring
in 3D hydrogel cultivation setups and gas permeable PDMS devices, a key requirement for on-
chip monitoring, was demonstrated for the first time. Furthermore, alterations in respiratory
activity were recorded as a function of surface coating, cell seeding density as well as cell type
and origin, underlining the method’s sensitivity and versatility in the context of OoC
technology. In MANUSCRIPT #2, entitled: “Bridging the academic-industrial gap:
Application of an oxygen and pH sensor integrated lab-on-a-chip in nanotoxicology.”, the

industrial applicability of luminescent sensor spots was tested, an essential prerequisite for
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large-scale production and broad applicability of OoC platforms. Within this study, the oxygen
sensing approach was expanded by a luminescent pH sensor in an industrially scalable
platform. The method’s usability was assessed by monitoring the effects of dynamic exposure
scenarios on nanotoxicity. Using this non-invasive sensing approach, cellular viabilities could
be calculated as quickly as 20 seconds into the on-chip assay while displaying a high degree of
comparability to state-of-the-art live/dead assays. Overall, performance data demonstrated a
90-720 times faster analysis time over conventional techniques, highlighting the potential of
sensor integrated microfluidic platforms for large-scale detection and monitoring of dynamic
changes in cellular metabolism, a key indicator of cell health. To expand the sensing portfolio
in OoC by a PD-specific sensing strategy, MANUSCRIPT #3: “Monitoring the
neurotransmitter release of human midbrain organoids using a redox cycling microsensor as
a novel tool for personalized Parkinson’s disease modeling and drug screening.” focused on
the establishment of a DA sensor, capable of monitoring the PD biomarker in the supernatant
of hMOs. Using this approach, for the first time, phenotypical differences between healthy and
PD patient-specific hMOs, carrying a mutation in LRRK2 could be observed and monitored
over time using an electrochemical redox-cycling technique. In addition, rescue effects were
observed in patient-specific hMOs, after treatment with the LRRK2 inhibitor II, highlighting
the sensor’s potential for drug screening purposes.

Finally, MANUSCRIPT #4 titled: “Development of a multi-sensor integrated midbrain
organoid-on-a-chip platform for studying Parkinson’s disease.” builds upon the knowledge
and protocols gained throughout MANUSCRIPT #1-3 to demonstrate the advantages of OoC
technology for PD research. The study set out to address the key limitations of midbrain
organoid technology by developing a multi-sensor integrated OoC platform for the long-term
cultivation and monitoring of healthy and PD patient-specific hMOs. Exposing midbrain

microtissues to the biophysical stimuli interstitial fluid flow, a key regulator of tissue

60



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

homeostasis, not only markedly enhanced tissue differentiation as indicated by a 2.1-fold
increase in TH/MAP2 signal as well as a 1.35-fold increase in GFAP-positive astrocytes but
significantly improved insufficient nutrient supply, another essential limitation of organoid
technology, resulting in a 2-fold reduction in the necrotic core size. Next to a significantly
reduced number of dopaminergic neurons and astrocytes, dynamically cultivated patient-
specific hMOs displayed Lewy-body-like inclusions, the second key hallmark of PD,
highlighting the importance of biophysical cues in the emulation of (patho-) physiological
tissue niches in vitro. To address the issue of analytical accessibility in organoid technology,
an optical oxygen sensor, an electrical MEA, and an electrochemical DA sensor were integrated
into the microfluidic platform. Next to the long-term stability of luminescent oxygen sensor
spots, the study demonstrated the versatile applicability of oxygen sensing in PD modeling,
encompassing the monitoring of tissue vitality, tissue differentiation, pathological phenotypes,
as well as drug-mediated rescue effects after treatment with the repurposed excipient HP-f3-
CD. As the recording of electrophysiological activity within 3D tissues still constitutes a big
challenge in the field of microelectronics, a novel measuring approach was explored as part of
the study. By exposing mesencephalic microtissues to interstitial fluid flows, neuronal
processes extending from the hMOs were directed onto a 2D planar MEA, positioned within
the medium channels of the microfluidic platform. Using this approach, spontaneous
electrophysiological activity and characteristic firing patterns of dopaminergic neurons could
readily be recorded within the platform. To account for reduced levels of DA release within
microfluidic platforms, an optimized tyrosinase-based DA sensor was developed and
characterized for on-chip applications. Using this approach, significant differences between
statically and dynamically cultivated hMOs were verified, and for the first time in an OoC
model, a time-dependent onset of a pathological hallmark was recorded in patient-specific

hMOs. Overall, the combination of optical, electrical, and electrochemical sensing strategies
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into the microfluidic platform allowed for (i) the non-invasive monitoring of hMOs, (ii) the
identification of phenotypical differences between healthy and patient-specific hMOs, and (iii)
the discovery of drug-mediated rescue effects, highlighting the clear added value gained by

sensor integration.

To conclude, as described in Chapter 1.1.2, next to a progressive onset of pathophysiological
phenotypes, an ideal experimental PD model should exhibit the two key pathological hallmarks
(1) the neurodegeneration of dopaminergic neurons and (ii) Lewy body formation.
Unfortunately, a large proportion of current experimental models do not meet these
requirements, which is reflected by the high failure rates in clinical trials and the persistent lack
of neuroprotective and disease-altering treatment strategies. Patient-specific midbrain
organoids have become a promising alternative as they can emulate essential features of the
degenerative disorder in vitro while accounting for the disease’s highly heterogeneous nature.
However, the following limitations (a) insufficient nutrient supply, (b) lack of biophysical
stimuli, (c) low analytical accessibility, and (d) lack of specific cell types such as endothelial
cells - the building block of the blood-brain barrier - have restricted the technology from
reaching its full potential. The combination of midbrain organoid technology with OoC
technology, conducted as part of this dissertation, resulted in an in vitro platform (Manuscript
#4) that fulfills the aforementioned critical requirements of an ideal experimental PD model
while simultaneously addressing key limitations of hMOs. As such, the platform has the
potential to provide a valuable tool in PD research. However, it must be noted that due to the
lack of the BBB, the presented platform is restricted to the screening of drugs that are known
for their ability to penetrate the BBB, such as HP-$-CD. To address this limitation, first
attempts have been made to connect hMOs with bioengineered networks of the blood-brain

barrier, employing bioengineering principles (data not shown).
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Overall, five different sensing strategies, encompassing optical, electrical, and electrochemical
sensors, have been validated and optimized throughout this dissertation. All presented sensing
strategies can easily be integrated into or combined with existing OoC platforms, increasing
the models’ predictive values. In addition, two of the presented sensors (optical oxygen and pH
sensor) were shown to adhere to industrial manufacturability standards, highlighting their
potential for large-scale production. Throughout the dissertation, two DA sensors were
developed and validated for the monitoring of the catecholamine in the highly complex cell
culture matrix of midbrain organoids. While the redox-cycling-based DA-sensor provides
long-term stabilities validated up to 20 months after the initial point of fabrication, rendering
it ideal for long-term monitoring studies, the carbon-electrode-based DA-sensor produces
significantly improved LODs in cell culture media, highlighting its applicability for chip-based
screening purposes. Lastly, an alternative approach for measuring electrophysiological activity
has been presented. While this sensing strategy does not allow for the measurement of neuronal
firing in the center of the 3D construct, it enables a non-invasive readout that provides
information on spontaneous activity and tissue differentiation and that further can easily be
integrated into any existing platform.

In conclusion, this doctoral thesis has provided an in-depth assessment and characterization of
various non-invasive optical, electrical, and electrochemical sensing strategies that can readily
be integrated into existing OoC platforms and thus have the potential to expand the sensing
portfolio of OoC technology. Furthermore, the dissertation put forth a multi-sensor integrated
microfluidic platform for the optimized long-term cultivation and monitoring of hMOs in vitro
that provides an ideal basis for patient-specific PD modeling and drug screening. To address
all listed limitations of midbrain organoid technology and to provide a real alternative to current
in vivo approaches, future studies will specifically focus on the extension of the OoC model by

a three-dimensional network of the human BBB.
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3. ORIGINAL RESEARCH ARTICLES

3.1 MANUSCRIPT #1 — ARTICLE

EVERY BREATH YOU TAKE: NON-INVASIVE REAL-TIME OXYGEN
BIOSENSING IN TWO- AND THREE-DIMENSIONAL MICROFLUIDIC CELL

MODELS
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and reproducible measurement conditions. It is important to highlight that in vivo
cells experience a diverse range of oxygen tensions depending on the resident tissue
type, which can also be recreated in vitro using specialized cell culture instruments
that regulate external oxygen concentrations. While cell-culture conditions can be
readily adjusted using state-of-the-art incubators, the control of physiological-relevant
microenvironments within the microfluidic chip, however, requires the integration of
oxygen sensors. Although several sensing approaches have been reported to monitor
oxygen levels in the presence of cell monolayers, oxygen demands of microfluidic three-
dimensional (3D)-cell cultures and spatio-temporal variations of oxygen concentrations
inside two-dimensional (2D) and 3D cell culture systems are still largely unknown. To
gain a better understanding on available oxygen levels inside organ-on-a-chip systems,
we have therefore developed two different microfluidic devices containing embedded
sensor arrays to monitor local oxygen levels to investigate () oxygen consumption
rates of 2D and 3D hydrogel-based cell cultures, (i) the establishment of oxygen
gradients within cell culture chambers, and (jii) influence of microfluidic material (e.g.,
gas tight vs. gas permeable), surface coatings, cell densities, and medium flow rate
on the respiratory activities of four different cell types. We demonstrate how dynamic
control of cyclic normoxic-hypoxic cell microenvironments can be readily accomplished
using programmable flow profiles employing both gas-impermeable and gas-permeable
microfluidic biochips.

Keywords: microfluidics, 3D culture, biosensor, oxygen, oxygen gradient, organ-on-a-chip, lab-on-a-chip,
hydrogel
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INTRODUCTION

With the emergence of advanced cell-based in vitro models,
which resemble the architecture and physiology of actual
native tissue, the ability to control and manipulate cellular
microenvironment has become an important aspect in
microfluidic cell culture systems. Spatio-temporal control
over the cellular microenvironment includes (i) physical forces
such as shear stress, (ii) biological cues such as direct and indirect
cell-cell interactions, and (iii) chemical signals such as pH,
oxygenation, and nutrient supply. Among biochemical signals,
oxygen plays a key role in regulating mammalian cell functions in
human health and disease. It is also important to note that oxygen
concentration varies tremendously throughout the human body
ranging from 14% in lungs and vasculature down to 0.5% in less
irrigated organs such as cartilage and bone marrow (Jagannathan
et al., 2016). Despite the different demand of oxygen in different
tissues, routine cell culture is predominantly conducted under
atmospheric oxygen tension of 21%. This elevated levels of
oxygen exposure of cells is referred to as hyperoxia and can lead
to altered cell behavior (Gille and Joenje, 1992). For instance,
studies have shown that physiologic oxygen tension modulates
stem cell differentiation (Mohyeldin et al., 2010), neurogenesis
(Zhang et al., 2011), and is involved in a number of cellular
mechanisms needed to maintain tissue function (Pugh and
Ratcliffe, 2003; Volkmer et al., 2008). In turn, prolonged oxygen
deprivation in a hypoxic oxygen milieu can result in a variety
of human pathologies including cancer (Pouysségur et al,
2006), tumor development (Harris, 2002), necrosis (Harrison
et al., 2007), infection (Zinkernagel et al., 2007), and stroke
(Hossmann, 2006). The importance of monitoring and control
of oxygen levels in mammalian cell cultures has therefore led
to the implementation of a wide variety of sensing strategies
ranging from standard electrochemical electrodes (Nichols
and Foster, 1994) and enzymatic sensors (Weltin et al., 2014)
to fluorescent and luminescent optical biosensors (Wolfbeis
Otto, 2015; Ehgartner et al., 2016b). Of these methods, optical
detection based on oxygen-sensitive dyes that are embedded in a
polymer matrix are ideally suited for the integration in lab-on-
a-chip systems due to the facile integration of sensor spots in
microfluidic channels, their long-term stability, reliability, and
cost-effectiveness of the sensing probes (Wang and Wolfbeis,
2014; Lasave et al., 2015; Sun et al., 2015). Luminescent intensity
as well as decay time of the phosphorescent indicator dye is
affected by the amount of the surrounding molecular oxygen,
thus providing information on the local oxygen concentration
(Gruber et al., 2017). Especially porphyrin-based sensor dyes
are well suited for oxygen monitoring in cell-based microfluidic
devices due to their high sensitivity, biocompatibility, and
reversible quenching behavior (Ungerbock et al., 2013; Ehgartner
et al., 2014). Typically, time-resolved optical oxygen monitoring
of microfluidic cell culture systems is performed using a
measurement set-up consisting of the biochip, optical fibers, a
read-out system, and a data acquisition device (Oomen et al.,
2016; Gruber et al., 2017). As an example, a polydimethylsiloxane
(PDMS) microfluidic chip with oxygen flow-through sensors
at the inlet and outlet and an optical oxygen sensor in the cell

culture chamber has been realized for a real-time monitoring
of respiratory rates of mouse embryonic stem cell cultures and
for Chinese hamster ovary cells in monolayers for several days
of culture (Super et al., 2016). Oxygen sensor spots were also
integrated into microfluidic reaction chambers made of glass and
silicon for monitoring of biocatalytic transformations (Ehgartner
et al., 2016b). To create a more accessible read-out strategy for
a broader research audience, a color CCD-camera mounted to
a fluorescent microscope was used for 2D sensing of oxygen
distribution inside microfluidic microchannels (Ungerbock
et al,, 2013). An additional multi-parametric analysis setup was
established for simultaneous detection of oxygen and pH using
core-shell nanoparticles incorporating oxygen- and pH-sensitive
dyes (Ehgartner et al., 2016a). Despite these recent advances,
little is still known on spatio-temporal variations of oxygen
concentrations inside microfluidic 2D and 3D cell culture
systems.

In this method paper, we investigate the influence of
cell numbers, extra-cellular matrix (ECM) surface coatings,
different cell types, as well as oxygen permeability of chip
materials to determine the key microfluidic parameters needed
to reliably monitor and precisely control oxygen levels during
2D and 3D cell cultivation. To gain deeper insight into
oxygen supply to and demand of 2D and 3D cell cultures, we
have developed two different microfluidic devices containing
embedded sensor arrays as shown in Figures 1A,B. Material
selection in particular influences gas exchange through the bulk
chip material, which therefore directly influences the ability to
control oxygen within the microfluidic environment. Initially, we
have established two protocols for oxygen monitoring; Figure 1C
shows the general methodology that can be used for oxygen
monitoring of cell cultures during seeding, adhesion, and long-
term cultivation. Additionally, another protocol, referred to
hereafter as “optimized protocol,” is established for precise
determination of oxygen consumption rates in 2D microfluidic
cultures as shown in Figure 1D. Further, we have compared
oxygen consumption of cells from epithelial, endothelial, and
mesenchymal origin including cancer cells (A549 lung epithelial
cells) and primary cells [e.g., normal human dermal fibroblasts
(NHDE), adipose-derived stem cells (ASC), and human umbilical
vein endothelial cells (HUVEC)]. The effect of a controlled
oxygen gradient throughout fibrin hydrogels during vascular
network formation over a 7-day culture period is demonstrated
using a 3D vascular co-culture model based on HUVEC
endothelial cells and ASC stem cells. A final practical application
of the oxygen monitoring method involves the early identification
of cell necrosis within hydrogel constructs, thus providing quality
control information on 3D-cell-laden hydrogel and microtissue
cultures.

RESULTS AND DISCUSSION

Non-invasive Oxygen Monitoring in 2D

Microfluidic Cell Cultures
Prior to oxygen monitoring of 2D cell cultures, the influence of
chip material permeability was evaluated based on the response
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of the oxygen-sensitive microparticle-based sensors. Therefore,
gaseous oxygen content within sealed microchannels was
monitored for microfluidic chips fabricated either from oxygen-
permeable PDMS or impermeable glass (see Supplementary
Figure S1). Both devices were simultaneously exposed to
an oxygen environment of 2.5% for 20 min before re-
oxygenation. As shown in Figure 2A, no sensor response was
observable for gas-impermeable glass chips with no detectable
decrease in partial oxygen pressure. Microfluidic chips made
of gas-permeable PDMS showed a decrease in partial oxygen
pressure from 176.4 to 15.4 hPa with a t9p-value of 15 min
and a delay in full recovery to atmospheric oxygen after
87 min. These results demonstrate the importance of material
selection during microfluidic chip fabrication. Differences in de-
and re-oxygenation linked to material permeability offer the
opportunity to either inhibit or allow external oxygen supply to
the cell cultures. In turn, sensor-to-sensor variation was evaluated
using oxygen concentrations ranging from 20 to 0.5% via small
gas feeding by a CO,/O; controller equipped with zirconium-
based oxygen sensor, which was connected to the inlet ports of
the microfluidic chips. As shown in Figure 2B, sensor-to-sensor
variation among the individual sensor spots was 221.2 & 1.3 hPa
for 20%, 122.4 4+ 0.3 for 10%, 61.9 + 0.2 hPa for 5%, and
0.2 0.1 hPa for 0.5% oxygen, respectively. These results show
excellent reproducibility despite the manual dispensing of the
sensor spots into the microfluidic devices.

In the next set of experiments, the impact of cell density
on oxygen consumption was evaluated during cell seeding and
for fully attached cell cultures. A549 lung epithelial cells were
seeded in gas-impermeable microfluidic chips at initial cell
seeding densities ranging from 1 x 10 to 1 x 10° cells/cm?.
Figure 3A shows a partial oxygen pressure around 200 hPa
right after seeding, which accurately represents ambient oxygen
levels in cell culture media at 37°C. Difference in partial oxygen
pressure for increasing cell numbers was observable already

10 min after cell seeding, thus pointing at higher oxygen
demand in the presence of larger cell numbers. Interestingly,
while similar oxygen depletion values were observed in the
first 40 min, rapid increase in oxygen consumption was found
already after 50 min for 1.0 x 10° cells/cm? (see Supplementary
Figure S2), which can be linked to completed cell adhesion
and start of exponential cell growth (Rehberg et al., 2013).
Cell densities of 1 x 10* and 2.5 x 10? cells/cm? resulted
in moderate total oxygen depletion values of 13.4 £+ 6.7 hPa
and 31.1 £ 1.5 hPa, respectively. A more pronounced
oxygen depletion was found for the highest cell density
of 1 x 10° cells/cm? of 153.8 £ 16.7 hPa. Results of
this study show that in the presence of high cell densities
oxygen depletion occurs 3 h after cell seeding when using
gas-impermeable glass microfluidic chips. Next, an optimized
protocol was established for precise measurements of oxygen
consumption rates (see Figure 1D for details). To ensure oxygen
consumption measurements, a flow rate of 10 pL/min over
period of 10 min prior to the measurements was introduced to
maintain oxygenated conditions of around 200 hPa. Flow rates
below this threshold did not show full oxygenation (data not
shown). For the actual determination of oxygen consumption
rates, flow was halted and the decrease in oxygen partial
pressure was immediately recorded for 3 min in all chambers.
Figure 3B shows decreasing oxygen levels over a period of
3 min (n = 3) in the presence of increasing numbers of fully
attached A549 lung cells after 4 h of post-seeding, indicating
that sufficient re-oxygenation prior to measurement markedly
improves data quality. Calculated total oxygen consumption
rates of 0.8 hPa/min for 1 x 10% cells/cm?, 2.6 hPa/min for
2.5 x 10* cells/cm?, and 4.6 hPa/min for 1 x 10° cells/cm?.
Overall, integration of sensor spots above the cell monolayer
culture are sensitive enough to estimate oxygen availability and
cell population oxygen demands in microfluidic cell cultivation
chambers.
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sensor response to declining oxygen concentration starting from 0.5 to 20%.

Impact of Cell Type on Oxygen

Consumption Rates

Differences in oxygen consumption rates between well-
established primary cell types (Manning et al., 2015; Haase and
Kamm, 2017; Zhang et al., 2017) and cancer cell lines (Cooper
et al.,, 2016) were investigated to further evaluate the presented
non-invasive microfluidic oxygen monitoring method. Partial
oxygen pressure was monitored during cell seeding for cells
from epithelial (A549), endothelial (HUVEC), and mesenchymal
origin (NHDF and ASC) at the same initial seeding density
of 2.5 x 10* cells/cm? corresponding to 5.5 x 10° cells per
microchannel. As shown in Figure 4A the different cell types can
be readily distinguished by cell type-specific variations in oxygen
depletion during adhesion to the surface of the microfluidic
channels. NHDF fibroblast cells showed highest oxygen depletion
values leveling off at a partial oxygen pressure of 17 hPa, which
corresponds to a total oxygen consumption of 183 £ 0.4 hPa
oxygen in 3 h during cell adhesion. The oxygen consumption
for the other cell types were lower with 104.2 hPa (n = 1) for
A549 lung cells, 28.4 & 0.4 hPa for HUVEC endothelial cells,
and 59.4 = 15.4 hPa for ASC stem cells, respectively. Next,
oxygen consumption rates were determined using the optimized

protocol as shown in Figure 4B. Oxygen consumption varied
heavily between the different cell types exhibiting low cellular
respiratory activity of 3.7 & 1.2 hPa (1.2 £ 0.4 hPa/min) for A549
lung cells and 6.8 & 2.1 hPa (2.3 &+ 0.7 hPa/min) for HUVEC,
13.9 & 1.6 hPa (4.7 £ 0.5 hPa/min) for ASC, and highest rates
observable of 35.4 4 2.5 hPa (11.8 & 0.8 hPa/min) for fibroblast
cells. Overall, these results correspond well with literature values
the specific cell types demonstrating the good performance of
the presented microfluidic oxygen sensing method (Heidemann
et al., 1998; Powers et al., 2008; Abaci et al., 2010; Zhang et al,,
2014). In addition, Figure 4C shows differences in both cell
morphology and cell size with a cell size of 72.4 pm? for HUVEC
endothelial cells, 71.6 wm? for A549, 232.9 wm? for NHDF
fibroblast cells, and 125.3 pm? for ASC stem cells. Cell size
directly correlates with oxygen consumption, (Wagner et al.,
2011) which explains the high respiratory activity of fibroblast
cells displaying the biggest cell size.

Impact of Cell Adhesion Promoters on

Oxygen Consumption Rates

Since mammalian cells strongly interact and respond to surface
properties such as the biocompatibility and functionalization
of the interface, the influence of ECM surface promoters
including 1% gelatin and collagen I was investigated on the
respiratory activity of HUVEC endothelial cells during cell
seeding and 3 h after attachment. As shown in Figure 5A
already 3 min following the introduction of endothelial cells
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seeded on gelatin and collagen I-coated microchannels, a drop
in partial oxygen pressure by 1 hPa was recorded. In contrast,
partial oxygen pressure of 200 hPa remained in the absence
of cells. In turn, after completion of cell attachment and
establishment of endothelial cell monolayers, both adhesion
promoters initiated elevated respiratory activities in the range
of 130-150 hPa compared to untreated glass with partial
oxygen pressure around 165.7 + 5 hPa. Figure 5B shows that
respiration of HUVEC endothelial cells further increased from
4 to 24 h post-seeding by 140% for collagen I coating and
170% for gelatin-coated microchannels. Even though respiratory
activity of HUVEC endothelial cells cultured on untreated
glass displayed highest relative increase of 250% after 24 h,
however, absolute respiration rates were 20-40% lower than
cells cultivated on ECM-like adhesion promoters. These findings
can be explained by incomplete adhesion of cells on untreated
surfaces, where 10% of the cells were only partially attached as
shown in Figure 5C. In other words, our results demonstrate
that our non-invasive on-chip oxygen detection method can
also be applied for adhesion and biocompatibility studies,
where metabolic assays as well as microscopic inspection of
cell phenotype alone can result in overestimation of cellular
activity.

Non-invasive Oxygen Monitoring in
Three-Dimensional Microfluidic Cell

Cultures
Since state-of-the-art in vitro models frequently employ 3D-
hydrogel-based cell cultures, the integrated oxygen sensor array

was evaluated using a well-established co-culture model of ASC
stem cells with HUVEC endothelial cells (Muhleder et al,
2018). Here, an oxygen-permeable PDMS-based microfluidic
biochip containing four spatially resolved sensor spots (see also
Figure 1B) was seeded with a HUVEC/ASC cell co-culture.
Oxygen monitoring was performed for medium supply channels
(sensor #1) as well as at 2 to 7 mm within the fibrin hydrogel
(sensors #2-4). On the first day of culture, cell co-cultures settled
and established direct cell-cell contacts and reciprocal exchange
of pro-angiogenic factors using a static stop-flow cultivation
period over 24 h. Figure 6A (left panel) shows that after 45 min of
hydrogel polymerization, partial oxygen pressure of the feeding
channel stayed constant around 169.0 £ 1.1 hPa for the first
day of culture. In contrast, within the hydrogel construct oxygen
levels slowly decreased over time to around 132.4 & 5.4 hPa
independent of diffusion distance through the hydrogel with
an average oxygen decrease of 2.5 hPa/h. After the first day of
culture, continuous medium supply was initiated at a flow rate
of 2 pL/min for the next 5 days of culture. Figure 6A (right
panel) shows that at day 6 of vascular network formation, an
oxygen gradient was established starting at steady atmospheric
partial oxygen pressure of around 198.4 hPa for sensor #1 at
the medium feeding channel, and linear decreasing values of
176.3 hPa for sensor #2 at 2 mm, 152.1 hPa for sensor #3 at
4.5 mm, and 140.9 hPa for sensor #4 at 7 mm distance from
the feeding channel. Overall, average decrease of partial oxygen
pressure of 10 hPa per day was observed for the deepest regions
of the hydrogel construct. Figure 6B shows that even though
a linear oxygen gradient was established, vascular network
formation with interconnecting endothelial tubes started at a
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in the range of 0-2 pL/min was used to expose cells to alternating
cycles of normoxic and hypoxic culture conditions with peak-to-
peak values for partial oxygen pressure of max. 200 hPa down to
min. 17 hPa and an average cycle time around 2.5 h over several
days for 3D cell culture. Figure 7A (bottom panel) shows that due
to the cycling of normoxic and hypoxic conditions, formation
of a vascular network with decreased length and thickness of
vascular sprouts was observable; however, more even distribution
of the network was observable starting already at 2 mm distance
from the medium feeding channel. In a final set of experiments,
we demonstrated how the presented non-invasive microfluidic
oxygen monitoring method can be applied not only for oxygen
control, but also for evaluation of cell health status during
oxygen- and nutrient-dependent limitation of three-dimensional
cultures in the absence of medium perfusion. As shown in
Figure 7B (top panel) an oxygen gradient was established in the
absence of medium perfusion due to the respiratory activity of
intact cell co-cultures until day 3 post-seeding corresponding to
vascular network formation (see Figure 7B bottom left image).
Over the course of 36 h of nutrient and oxygen limitation,
partial oxygen pressure gradually recovered to fully oxygenated
conditions around 200 hPa, which is the result of cell death by
nutrient and oxygen depletion over 6 days. Figure 7B shows
a residual pattern of GFP-containing cell remnants (visible in
the bottom center image) that resembles the vascular network
morphology from day 3. These patterns were not observable for
cell co-cultures closest to the medium feeding channel, which did
not form vascular networks (bottom right image).

CONCLUSION

In this method paper, we demonstrate the ability to reliably and
reproducibly detect dissolved oxygen levels and cellular oxygen

demands in 2D and 3D microfluidic cell culture systems. The
integration of oxygen-sensitive microparticle-based sensor spots
enables time-resolved monitoring of partial oxygen pressures,
thus allowing the estimation of cellular oxygen consumption
rates of cell monolayers in the presence of increasing flow
rates, varying cell numbers, cell types, and ECM-coatings.
The total oxygen consumption observed for the different cell
densities increased linearly. This means that the presented
measurement method has the potential to be used for indirect
monitoring of cell viability in toxicological screening studies.
Additionally, we show that metabolic evaluation of complex
3D tissue-engineered constructs can be accomplished using
biologically relevant co-cultures. The ability to monitor complex
3D physiological cellular microenvironments further highlights
the benefits of sensor integration in microfluidic systems to
control, mitigate, and accurately predict cell behavior (Charwat
et al., 2013, 2014; Ertl et al., 2014; Mahto et al., 2015; Rothbauer
etal., 2015a,b). The presented on-chip-integrated oxygen-sensing
method is well suited for applications in advanced organ-
on-a-chip systems, because it enables non-invasive, real-time,
label-free, in situ monitoring of oxygen demands, metabolic
activity, oxygen uptake rates, and cell viability. We believe that
the integration of cost-efficient and reliable sensor technology
in microfluidic devices holds great promise for the reliable
establishment of physiologic or pathologic tissue conditions, thus
opening new avenues in biomedical research and pharmaceutical
development.

MATERIALS AND METHODS

Preparation of the Oxygen Sensor
Amine-functionalized polystyrene beads (500 wL of a 50 mg/mL
stock solution, micromer® product code 01-01-303, micromod,
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Germany) were diluted with water (2 mL) and THF (200 pL).
This dispersion was stirred for 30 min at room temperature.
Afterward, an oxygen indicator solution [188 pnL of a THF
solution containing 2 mg/mL platinum (II) meso-tetra (4-
fluorophenyl) tetrabenzoporphyrin (PtTPTBPF)] was added
dropwise, the dispersion was sonicated for 30 min, centrifuged
at a relative centrifugation force of 6200, and the supernatant
was decanted. The particles were purified using multiple

washing, centrifugation, and decantation steps. The purification
process was repeated with water (1-2 times) at the beginning,
followed by ethanol (3-5 times) and finished with water (1-
2 times). After the final decantation step the particles were
diluted with water to a particle concentration of approx.
50 mg/mL. Characterization and calibration of oxygen sensor
was performed as described previously (Ehgartner et al,
2016b).
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Microfluidic Chips and Sensor

Integration

The microdevices for monolayer cultures were comprised of
two glass substrates (VWR) bonded together with adhesive
film containing the fluidic structure. Microfluidic chambers and
channels were designed with CAD (AutoCAD 2017) and cut
into the adhesive film (ARcare 8259 and ARseal 90880, Adhesive
Research, Ireland) with a desktop vinyl cutter (GS-24 Desktop
Cutter, Roland DGA Corporation, Germany). Three layers of
adhesive film were used to obtain a chamber height of 460 pum.
The chip contained 8 cell-culture chambers of 0.22 cm? (10 pL
volume) with one inlet connected to two chambers with a 400 pm
wide channel (Figure 1A). Holes for inlets and outlets were
drilled into the upper glass substrate before integration of sensor
particles. Oxygen sensor microparticles were applied by pipetting
directly to the glass substrate. After drying for 2 h at room
temperature, the microparticles were immobilized to the glass
substrate and the fluidic structures were sealed with adhesive
film via pressure activation. Devices for three-dimensional (3D)
hydrogel cultures had a circular hydrogel chamber (65 pL
volume) adjacent to a medium channel (see Figure 1B).

Microstructures were either fabricated by soft lithography using
PDMS (Sylgard® 184 Silicone Elastomer Kit, Down Corning,
Germany) from 3D-printed molds (immaterialize, Denmark)
or sandblasted into glass slides. Oxygen-sensitive conjugated
microparticles were again applied via pipetting directly to the
glass substrate and immobilized after 2 h of drying. PDMS devices
were sealed by plasma bonding to glass slides using air plasma
(Harrick Plasma, High Power, 2 min) and glass devices were
sealed using adhesive film (ARseal 90880, Adhesive Research,
Ireland).

Cell Culture

A549 human lung carcinoma epithelial-like cell line (ATCC) were
cultured in RPMI 1640 Medium (Gibco) supplemented with 10%
fetal bovine serum, L-glutamine, and 1% antibiotic/antimycotic
solution. NHDF (Lonza) were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich)
supplemented with 10% fetal bovine serum, 2 mM glutamine,
and 1% antibiotic-antimycotic solution. Primary human ASC
and HUVEC were isolated as previously described (Petzelbauer
et al, 1993; Wolbank et al, 2007; Priglinger et al, 2017)
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and maintained in fully supplemented endothelial cell growth
medium 2 (EGM-2, PromoCell) with 5% fetal calf serum until
passage 5-9. GFP-labeled endothelial cells were prepared as
previously described (Knezevic et al, 2017; Muhleder et al.,
2018) All cell cultures were maintained in a humidified
atmosphere at 37°C and 5% CO,. Cell culture media used
during perfusion of the microfluidic monolayer chambers was
supplemented with 0.5% HEPES (Sigma Aldrich). Prior to cell
seeding, microfluidic tubing and valves were sterilized with
70% ethanol and rinsed thoroughly with PBS (Sigma Aldrich)
and cell culture medium. The assembled microfluidic biochips
were disinfected using 70% ethanol and rinsed with sterile PBS
prior to coating with 5% collagen I solution (Sigma Aldrich,
Austria).

On-Chip Oxygen Monitoring

Oxygen monitoring was carried out at a sampling frequency of
1 Hz using a FireStingO2 optical oxygen meter (Pyroscience,
Germany') 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, Germany) equipped
with integrated zirconium oxide oxygen sensors. Oxygen
measurements were initiated directly after injection of cell
solutions and partial oxygen pressure was monitored up to a
maximum duration of 7 days. To evaluate the influence of cell
number on oxygen consumption, A549 lung cells were seeded at
concentrations of 1 x 10* cells/cm? (2.2 x 10> cells/chamber),
25 x 10* cells/em? (55 x 10 cells/chamber), and
1.0 x 10° cells/cm? (22 x 103 cells/chamber). For oxygen
monitoring of different cell types, A549 lung epithelial cells,
NHDEF fibroblast cells, HUVEC endothelial cells, and ASC
stem cells were seeded at a concentration of 2.5 x 10* cells/cm?
(5.5 x 103 cells/chamber) To investigate the influence of adhesion
promoters on oxygen consumption, HUVEC endothelial cells
were seeded at a concentration of 2.5 x 10* HUVEC/cm?
(5.5 x 10° cells/chamber) on different surfaces including
untreated glass 5% collagen I and 1% gelatin. For oxygen
monitoring of 3D fibrin hydrogels, ASC stem cells and HUVEC
endothelial cells were mixed at a cell density of 5 x 10° cells/mL
(32.5 x 10% cells/chamber, 65 L chamber volume) per cell
type in fibrinogen and thrombin (TISSEEL®, Baxter, Austria)
to obtain a final concentration of 2.5 mg/mL fibrinogen and
1 U/mL thrombin. The hydrogel was loaded into the hydrogel
chambers of the microfluidic chip and allowed to polymerize for
45 min before the addition of fully supplemented EGM-2 culture
medium. Thereafter, vascular 3D cell cultures were maintained at
a flow rate of 2 wL/min. In Figures 8 A-D, schematic illustrations
depict the cell seeding and measurement setup of monolayer
culture chips (A-B) and 3D culture chips (C-D).

Optimized Protocol for On-Chip Oxygen

Consumption Measurements
For determination of oxygen consumption, an optimized
protocol was established recording three consecutive measuring

!www.pyro-science.com

cycles. Each cycle comprised of an oxygen saturation phase of
10 pL/min for 10 min followed by a recording phase under
stop-flow conditions for 3 min.

CFD Simulation of Oxygen

Oxygen saturation was simulated using a multipurpose finite
volume CFD simulation (Ansys FLUENT®, v6.3.26). The
hydrogel region was approximated as a porous zone with
a porosity of ¢ = 0.99 and isotropic viscous resistances of
R = 6.67 * 107!2 1/m?. Simulations were performed using an
oxygen diffusion coefficient of 2 x 107° m?/s.
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FIGURE S1 | Images of microfluidic devices. (A) Microfluidic glass

chip (76 mm x 26 mm x 2.3 mm) for monolayer culture containing eight
chambers with a sensor spot centralized in each chamber. (B) Microfluidic
glass chip (76 mm x 26 mm x 4.4 mm) for three-dimensional (3D)

hydrogel cultures with four sensor spots in each chamber. Scale bar represent
10 mm.

FIGURE S2 | Partial oxygen pressure recorded during 3 h of cell seeding zoomed
in to the first 50 min of oxygen monitoring.

FIGURE S3 | Finite volume simulation of oxygen distribution in 3D hydrogel after
(A) 1 h, (B) 6 h, and (C) 12 h of medium perfusion without cells showing complete
saturation of hydrogel with oxygen within 12 h.
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SI Figure 1: Images of microfluidic devices. (4) Microfluidic glass chip (76 x 76 x 2.3 mm) for monolayer culture
containing 8 chambers with a sensor spot centralized in each chamber. (B) Microfluidic glass chip (76 x 26 x 4.4 mm)
for three-dimensional (3D) hydrogel cultures with 4 sensor spots in each chamber. Scale bar represents 10 mm.
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SI Figure 3: Finite volume simulation of oxygen distribution in 3D hydrogel after (4) 1 hour, (B) 6 hours and (C) 12 hours
of medium perfusion without cells showing complete saturation of the hydrogel with oxygen within 12 hours.
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Introduction

Nanoparticles present a growing field within the industrial and

Bridging the academic-industrial gap: application
of an oxygen and pH sensor-integrated lab-on-a-
chip in nanotoxicologyf

Helene Zirath, @ £*3 Sarah Spitz,1°° Doris Roth, &2 Tobias Schellhorn,?
Mario Rothbauer,”® Bernhard Muller,® Manuel Walch,® Jatinder Kaur,®
Alexander Worle,® Yvonne Kohl,f Torsten Mayr @ and Peter Ertl (@ *2°

Translation of advanced cell-based assays exhibiting a higher degree of automation, miniaturization, and
integration of complementary sensing functions is mainly limited by the development of industrial-relevant
prototypes that can be readily produced in larger volumes. Despite the increasing number of academic
publications in recent years, the manufacturability of these microfluidic cell cultures systems is largely
ignored, thus severely restricting their implementation in routine toxicological applications. We have
developed a dual-sensor integrated microfluidic cell analysis platform using industrial specifications,
materials, and fabrication methods to conduct risk assessment studies of engineered nanoparticles to
overcome this academic-industrial gap. Non-invasive and time-resolved monitoring of cellular oxygen
uptake and metabolic activity (pH) in the absence and presence of nanoparticle exposure is accomplished
by integrating optical sensor spots into a cyclic olefin copolymer (COC)-based microfluidic platform.
Results of our nanotoxicological study, including two physiological cell barriers that are essential in the
protection from exogenous factors, the intestine (Caco-2) and the vasculature (HUVECs) showed that the
assessment of the cells’ total energy metabolism is ideally suited to rapidly detect cytotoxicities. Additional
viability assay verification using state-of-the-art dye exclusion assays for nanotoxicology demonstrated the
similarity and comparability of our results, thus highlighting the benefits of employing a compact and cost-
efficient microfluidic dual-sensor platform as a pre-screening tool in nanomaterial risk assessment and as a
rapid quality control measure in medium to high-throughput settings.

resulting unique mechanical, magnetic, and electric properties,
as well as the strong surface reactivity, make nanomaterials
highly valuable in various fields, including electronics,

medicinal sectors because of their wide spectra of advantageous
properties. Due to their small nanometer dimensions,
nanomaterials display a high surface-to-volume ratio, causing
the properties of the surface layer to dominate over those of the
bulk material, altering the material's intrinsic properties." The
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cosmetics, diagnostics, drug delivery, and the food industry.>”
Unfortunately, the often-unknown effects of nanoparticles on
human health are still restricting their broader application,
especially within the food industry and cosmetics, where their
usage is still highly debated.”> One of the main problems is that
collateral toxic health effects associated with nanoparticle
exposure are impossible to predict based on their
physicochemical properties alone. Consequently, toxicological
testing has therefore been highly recommended for all
nanomaterials®® to better understand the interrelationship
between nanoparticle exposure and human health.’
Conventional methods for testing the safety of nanomaterials
include in vivo animal models, which, apart from pressing
ethical concerns, present a labor-, time-, and cost-intensive
endeavor. Additionally, pre-existing genotypic and phenotypic
differences between humans and animals, eg, rodents,
decrease the tests' validity and translatability."® Alternatively,
in vitro, cell-based assays, e.g., MTT, calcein-AM/PI, or WST-1
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assays, are performed to assess the impact of nanoparticle
exposure on cell viability, which in addition can be supported by
morphological analysis."* Since standard in vitro cell-based
assays are performed in microtiter plates, they are limited to
static cultivation conditions and time-consuming (45 min-4 h),
invasive endpoint analysis. The absence of fluid flow, moreover,
can result in the gravitational settling of nanoparticles,
ultimately favoring nanoparticle aggregation, which has been
linked to the creation of physiochemical stress as well as cell
death.™ In other words, reported cytotoxicities using static cell
culture conditions may not represent the actual toxicity levels of
the investigated nanomaterials. This methodological limitation
impacts the predictability of nanotoxicological evaluations, as
uptake, accumulation, and biopersistence of nanoparticles
in vivo are primarily governed by dynamic microenvironments.

We have recently demonstrated that nanoparticle uptake
and thus toxicity is strongly modulated by fluid flow, resulting
in a strong increase in endocytosis mediated nanoparticle
uptake with increasing flow rates up to a critical maximum flow
rate above which nanoparticle uptake is severely restricted."*

Its inherent ability to provide precise spatial and temporal
control over fluid dynamics, coupled with low sample volumes
and a high degree of flexibility, has rendered microfluidics a
promising tool in nanotoxicology, as it allows for the
recapitulation of physiological scenarios such as the dynamic
nanoparticle exposure of cells within the human body in
custom-made platforms.’>** In addition, the option to integrate
electrical or optical sensors further equips microfluidics with
the ability to non-invasively monitor various critical parameters
such as cell-to-cell, cell-to-substrate interactions as well as
metabolic activity.'®™® Herein, the combinatorial monitoring of
oxygen consumption rates (OCR) and acidification rates (ECAR)
has proven to be a powerful strategy as it enables the
assessment of metabolic shifts or, more specifically, of
cytotoxicological effects exerted upon the cell by the uptake of
nanoparticles.

While several commercial and academic platforms (see ESIT
Table S1) that allow for the assessment of the two physiological
parameters OCR and ECAR have been developed, including the
Agilent's MitoXpress assay, the Agilent's Seahorse XF analyzer
platform, the O2k-FluoRespirometer (Orobos), the SC 1000
Metabolic Chip (Bionas), and the Biochip D (Cellasys), these
platforms often fail to account for essential aspects such as
dynamic microenvironments, low-production costs, high
throughput as well as manufacturing scalability. Among these
commercially available platforms, only one technology allows
for the integration of the biophysical stimuli fluid flow.
Unfortunately, the broad applicability of this system is
hampered by the use of an electrochemical sensing approach,
low throughput (z = 6) coupled with a comparatively large
footprint. The use of an electrochemically based read-out also
constitutes one of the most significant disadvantages of current
academic strategies,’*™* as these approaches have been
associated with complex integration procedures, the dependency
on reference electrodes as well as potential interferences
through the consumption of the analyte of interest.
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Optical sensing strategies, on the other hand, provide a
great alternative as they combine easy miniaturization,
integration, and external read-out with low manufacturing
costs. Furthermore, optical sensor spots have already shown
great promise in determining several essential cell functions,
including cell cycle stage, viability, apoptosis, and necrosis, by
detecting pericellular concentrations of dissolved oxygen.'® In
addition to cellular respiration, the metabolic activity of cells
defined by the accumulation of acidic products such as lactic
acid and carbonic acid (e.g., pH-shift) can be monitored using
dye-impregnated sensor beads.’” We have recently
demonstrated that luminescent oxygen and pH sensor spots
can readily be integrated into microfluidic devices and are
capable of monitoring cellular responses to different drug
exposure scenarios in a dynamic microenvironment.>' As
such, optical sensing strategies provide the optimal basis for
the assessment of crucial cellular parameters such as
metabolic activity in the context of industrially relevant
nanotoxicological screening platforms.

This study aims to determine whether the non-invasive
monitoring of the two metabolic parameters cellular respiration
and acidification can be suited to detect nanotoxicological
effects in a dynamic microenvironment. Specific focus of the
study is directed towards the applicability of non-invasive
monitoring as a rapid tool for cellular viability assessments. To
that end, a cost-efficient, automatable, dual-sensor integrated
microfluidic cell analysis platform compatible with industrial
mass manufacturing strategies has been developed adhering to
industrial specifications (e.g, aspect ratios, angles, etc.),
materials (e.g., thermoplastic such as COC) and fabrication
methods (e.g, injection molding). First, measurement protocols
for non-invasive and real-time monitoring of the two metabolic
markers were established and optimized using a highly
metabolically active cell line (A549), originating from the alveoli
of the lung. Practical application of our industrial-relevant
prototype is demonstrated by investigating the two main entry
routes of nanoparticles, including the gut barrier in the case of
oral exposure as well as the circulatory system via the
endothelial barrier.”> Established cell barrier models based on
immortalized cell lines originating from the small intestine
(Caco-2 intestinal epithelial cells) and primary endothelial cells
(human umbilical vein endothelial cells, HUVEC) were used.""**
Finally, SiO, nanoparticles were selected as reference
nanomaterials due to their extensive usage in agriculture,
cosmetics, health applications as well as targeted drug
delivery.** Assay verification was performed using state-of-the-
art dye exclusion assays as a benchmark to demonstrate the
comparability and benefits of employing a microfluidic dual-
sensor platform as a rapid nanotoxicological pre-screening tool
in medium-throughput to high-content settings.

Materials and methods

Cell culture

A549 human lung carcinoma cells (ATCC® CCL-185™) were
cultured in RPMI 1640 Medium (Gibco) supplemented with

This journal is © The Royal Society of Chemistry 2021
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10% fetal bovine serum (Sigma Aldrich), L-glutamine (Sigma
Aldrich), and 1% antibiotic/antimycotic solution (Sigma
Aldrich). Human umbilical vein endothelial cells (HUVECs,
PromoCell) were cultured in fully supplemented endothelial
cell growth medium 2 (EGM-2, PromoCell) with 5% fetal calf
serum up to passages 5-9. Caco-2 (ATCC® HTB-37™) cells
were cultured in Eagle's minimum essential medium
supplemented with 20% fetal bovine serum (Sigma Aldrich)
and 1% antibiotic/antimycotic solution (Sigma Aldrich). All
cell cultures were incubated in a humidified atmosphere with
5% CO, at 37 °C.

Nanoparticles

Silica nanoparticles (SiO,-NPs, NM200-JRCNM02000a) with a
particle size of 14-23 nm (batch-to-batch variation) and a
specific surface area of 189 m* g™* were kindly provided from
the Nanomaterials Repository of the Joint Research Centre
(JRC, Ispra, Italy). The silica nanoparticles were dispersed in
ddH,O0 at a concentration of 10 mg mL™" by sonication for 30
min. To mitigate errors associated with SiO, precipitation
within the stock suspension, the nanoparticle solution was
vortexed for 1 minute prior to dilution in cell culture medium
in the presence or absence of 10% FCS depending on the
conducted experiment. The stock solution (10 mg mL™) was
stored at 4 °C.

Microfluidic platforms

1. Academic prototype. Due to its disadvantageous gas
permeability properties that render PDMS undesirable for

View Article Online
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precise oxygen measurement applications, a xurography based
approach was selected for the fabrication of the prototype.
Xurography is a rapid prototyping technique that allows for
further reduction in iteration periods in chip fabrication
compared to standard photolithography.>>?® Using this
approach a microfluidic device (25 mm x 75 mm x 2.2 mm)
consisting of a pre-structured adhesive tape (ARcare 8259 and
ARseal 90880, Adhesive Research, Ireland) layered between two
glass slides (VWR) was fabricated as previously described.””
Glass was selected as bottom and top substrate to limit
unwanted gas transfer during on-chip oxygen measurements.
Each biochip layout (see Fig. 2A) features four inlets (drilled
diameter 1 mm) that extend into 400 pm wide channels and
split into two channels, resulting in 8 cell culture chambers of
0.22 cm?* area and 300 um height in total (total volume of 6.6
pL). Luminescent sensors (r = 0.5 mm) were spotted at different
locations inside the cell culture chambers as previously
described.””*® Additionally, fixtures to house the microfluidic
chip and optical fibers were designed using the CAD software
(AutoCAD 2017), 3D printed (Original Prusa i3 MK2, Prusa
Research), and assembled onto the microfluidic chip.

2. Industrial prototype. Two microfluidic layouts V1 and V2,
were designed wherein version 1 (V1), in addition to the Mini
Luer connectors at the four inlets and eight outlets, an
integrated optical fiber holder (height 10 mm, width 5 mm,
diameter 2 mm) was added to stabilize the fibers during
luminescent lifetime measurements. The industrial COC-based
microfluidic prototypes were manufactured using a high-
precision injection molding machine (Engel V200 90 Tech,
Arburg) and sealed by bonding a microscope slide with a 142
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Fig. 1 Set-up and working principle of microfluidic nanotoxicological assessment and on-chip luminescence-based oxygen and pH sensing. A)
Schematic representation of the main components during the microfluidic nanotoxicological assessment. Cells are seeded through the inlet of the
microfluidic chamber to form a confluent monolayer. Light emitted from the FireSting oxygen/pH meter is guided through the optical fibers and
excites the oxygen and pH sensors spots located on the upper part of the chamber. The sensor spots generate oxygen and pH concentration-
dependent light signals (emission), which are guided back through the optical fibers and detected by the oxygen/pH meter. B) To measure OCR
and ECAR, medium perfusion through the chip (Q, 10 ul min™?) was stopped (to), and the decrease in oxygen pressure and pH within a specific time
frame (t; — to) was measured, enabling the determination of metabolic rates within a few minutes. OCR (ApO,) and ECAR (ApH) were measured
before cell seeding, after overnight cell adhesion and proliferation, and after three h nanoparticle exposure. After the on-chip nanotoxicological
assessment, cell viability was controlled with live/dead staining.
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Fig. 2 Characterisation of the oxygen pressure in the microfluidic cell
culture chambers. A) Characterisation of the oxygen pressure along
microfluidic cell culture chambers in glass prototype. Four oxygen
sensor spots were positioned in line along the flow direction to
optimize the flow for a homogenous oxygen pressure. B) Measured
oxygen gradients in cell culture chamber with a monolayer of A549
cells at different flow rates of medium with flow rates above 10 pl
min~%, a homogenous oxygen pressure was obtained in the upper 3/4
part of the chambers (sensor 1-3) while the cells at the lower part
never received fully oxygenized medium (sensor 4).

um thick pre-cut (GS-24 Desktop Cutter, Roland DGA
Corporation, Germany) adhesive film (ARseal 90880, Adhesive,
Research, Ireland) to the microfluidic COC biochip layer. Before
bonding, two ~250 um small pockets were drilled inside the
cell chambers using a 0.8 mm drill mounted on a micro-
milling-CNC machine (from BZT (PFK0603) equipped with a
milling motor from Kress (1050FME)) to (a) reliably locate the
two sensor spots and (b) to enhance the adhesion of the sensor
material to the chip. Chemiluminescent oxygen and pH
sensors were spotted into the separate 800 um wide pockets
using a microdispenser (MDS3200+, Vermes) equipped with a
70 pm nozzle and a tungsten tappet was used (tip diameter of
0.7 mm).

Luminescent oxygen and pH sensor integration

For the glass prototype, oxygen sensor microparticles
(polystyrene-silicone rubber composite matrix with embedded
palladium(un) or platinum(u) meso-tetra(4-fluorophenyl)-
tetrabenzoporphyrin  (PATPTBPF and PtTPTBPF))
integrated into the academic prototype by manually pipetting

were
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1 pL of the particle solution directly onto the glass substrate
before bonding. Sensor spots were positioned directly above
the cell culture chambers. Fabrication and characterization
of the oxygen sensor microparticles are described in the work
by Ehgartner et al*® For the industrial COC prototype
fabrication, the oxygen sensor formulation consisted of 82.5
mg poly-tert-butylstyrene particles, stained with 2% PtTPTBPF,
which were suspended in 1650 mg of a hydrogel Hydromed
D4 solution (5%) in isopropanol/water (3 + 1), leading to a
relative PtTPTBPF concentration of 1% after solvent
evaporation. In turn, for the pH sensor formulation 0.33 mg
of an aza-BODIPY pH indicator dye 4-(5,5-difluoro-7-(4-
hydroxyphenyl)-1,9-diphenyl-5H-514,6)14-dipyrrolo[1,2-c:2,1-f -
[1,3,5,2]triazaborinin-3-yl)-N-dodecylbenzamide were combined
with 54.8 mg of a microcrystalline silanized Egyptian Blue as
reference.”! Both luminophores were suspended in 1380 mg
of a solution of hydrogel Hydromed D4 (8% w/w) in THF/
water (9 + 1), leading to an indicator dye concentration of
0.2% w/w and a reference compound concentration of 33.3%
w/w after evaporation of the solvents. Homogenization of the
sensor formulations was accomplished utilizing a sonifier
(Branson) with ten pulses (1 s) and nine seconds cooldown
intervals.

CFD modeling of microfluidic flow profiles

To ensure that the microfluidic platform allows for the
establishment of uniform flow profiles and thus uniform cell
seeding as well as nanoparticle distribution, computational
fluid dynamic (CFD) simulations were performed. To that
end, 3D models of the microfluidic channel network and
cultivation chambers were established for the industrial
COC-based prototype using the CAD software Fusion 360.
Subsequently, the CFD software Autodesk CFD 2019 was used
to simulate flow profiles, velocities, and pressures at the
bifurcation points and along the cultivation chambers using
a channel height of 342 um. The cell culture medium was
approximated using the physical properties of water (dynamic
viscosity ¢ = 10-3 Pa s, density p = 1 g mL™", 37 °C). The
medium flow rate at the inlet was set to a volumetric flow
rate of 10 ul min™* to match the external pumping parameter
during on-chip nanoparticle flow experiments. The mesh size
was automatically generated by the software and optimized
after each iteration step. To further support the results
obtained by the CFD simulations, microfluidic studies
employing fluorescently labeled particles (¢ 4.8 pm) were
conducted. The analysis of particle speed was performed
using the TrackMate Plugin® and the software Image].

Nanotoxicological reference examination

Before the conduction of the microfluidic toxicology assays,
nanotoxicological reference experiments were performed
using a conventional Presto Blue (Invitrogen) viability assay
in a 48-well plate format with a protocol adapted from
Rothbauer et al.*° Toxic effects of increasing concentrations
of SiO,-nanoparticles were asessed using the two epithelial

This journal is © The Royal Society of Chemistry 2021
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cell lines A549 and Caco-2, as well as the endothelial cells
line HUVECs. Cells were seeded at a density of 3 x 10" cells
per well and cultivated under standard conditions (37 °C,
5% CO,) until an 80% confluency was reached. Since
serum supplements in cell culture media can alter the
bioactivity of nanoparticles, nanoparticle exposure was
performed in both serum-free and serum-supplemented
media (5-20% FCS).> The medium was changed to serum-
free cell media for 60 minutes prior to nanoparticle
administration. SiO, nanoparticles were diluted/prepared in
cell culture medium specific for each cell type, with and
without serum, at 7 different concentrations (0 pg mL™,
15.6 ug mL™, 31.3 pg mL™', 62.5 pg mL ™', 125 pug mL™,
250 pg mL™, 500 pug mL™).3'3% Cell culture medium was
aspirated and replaced with medium containing SiO,
nanoparticles and incubated for 4 hours to induce
nanotoxicity. After incubation, the nanoparticles were
aspirated, and the solution was replaced with medium
containing serum to allow for cellular regeneration (18 h).
Subsequently, medium containing 10% Presto Blue (Thermo
Fischer Scientific) solution was added, and the plates were
incubated for another 2 h at 37 °C. The fluorescence of
each well was measured (560 nm and 590 nm) on a
microplate reader (PerkinElmer multimode EnSpire 2300).
Viability was determined by comparing the fluorescence
signal of exposed cells to that of the negative control (non-
exposed).

Microfluidic set-up

The microfluidic set-up comprised the sensor-integrated
microfluidic platforms mounted on top of a heated glass
plate (ThermoPlate® Tokai-hit, Japan) within an inverted
microscope (IX70, Olympus), connected (Marprene Manifold

A

Microfluidic Splitter

Culture
Chambar

2 Oxygen

1

Fig. 3
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Tubes 0.25 mm, Watson-Marlow and Tubing FEP Nat 1/16 x
0.030, Idex Health and Science) to a peristaltic pump (205S/
CA manual control variable speed pump, Watson Marlow) as
well as 16 optical fibers (length 1 m, outer diameter 2.2 mm,
fiber diameter 1 mm, Pyroscience) via four FireSting optical
oxygen meters (2x FireStingO2, 2x FSPRO-4, Pyroscience,

Germany).
The cell culture medium and the nanoparticle solutions
were preconditioned employing a desktop incubator,

connected to the peristaltic pump using FEP tubing (Tubing
FEP Nat 1/16 x 0.030, Idex Health and Science). Both the
oxygen meters and the microscope were connected to a
workstation enabling the interaction through the respective
interfaces  (Cellsens, Olympus and  OxygenLogger,
Pyroscience). Fig. 3 comprises a schematic representation of
the microfluidic set-up.

Nanotoxicological assessment

Prior to nanotoxicological experiments, the COC microfluidic
prototypes were sealed with micro plugs (Hard Tubing
Connector, Micro Fluid Connector, and Micro Plug, ThinXXS)
and sterilized for 30 minutes using UV light. Microfluidic
ports and tubing were sterilized in 70% ethanol before
connection to the chip, followed by extensive rinsing with
PBS (Sigma Aldrich). Before cell seeding, the chip was coated
with 5% collagen type I (Sigma-Aldrich) solution for 1 hour at
37 °C and rinsed with sterile PBS (Sigma Aldrich). The heated
microscope plate was set at 37 °C, and the microfluidic chip
was connected to either cell culture medium or nanoparticle
solutions (15 mL and 50 mL, Falcon, Fisher-Scientific)
located and preconditioned inside a desktop incubator (37
°C). The cell culture medium that was used during on-chip

Microscope

cultivation (until nanotoxicological assessment) was
c Microfluidic Set-Up
Pump
i ‘Waste
Medium Reservoir
! Optic Fibers
Inlet . " Outlet
/,.
- i
/ Tubing
B Sensorspots
. S
Eié Hoating Stage

Industrial prototype of the microfluidic chip with integrated sensors. A) 3D CAD designs (V1 and V2) of the top layers of the 8-chamber

chip, including inlets, fluidic splitter, culture chambers, and outlets. V1 (upper panel) displays integrated holders for the optical fibers. B)
Photograph of the manufactured chip, (V1), injection-molded in COC and bonded to a glass substrate. C) Overview of the microfluidic set-up
comprised of the microfluidic platform mounted on top of a heated microscope stage. D) A sketch illustrating the integration process of the
luminescent sensor spots into the top part of the microfluidic device, as well as a schematic illustrating the working principle of the individual

Sensor spots.
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supplemented with 0.5% 2-[4-(2-hydroxyethyl)-1-piperazinyl}-
ethanesulfonic acid (HEPES, Sigma Aldrich). Oxygen and pH
monitoring was performed at a sampling frequency of 1 Hz
and an LED intensity of 80x. For the calibration of the oxygen
sensor spots a two-point calibration at anoxic conditions and
air-saturated conditions was performed for one spot at 37 °C
in cell culture medium to account for slight environmental
changes. This calibration was used for all oxygen sensor
spots. Anoxic conditions were established by adding NaSO;,
air saturated conditions by shaking the medium right before
measurement. To calibrate the pH sensor spots, the signal of
each spot was recorded after exposing each chamber with
buffers of 8 different pH values ranging from pH 4-10. The
cotangents of the measured signal were plotted against the
pH values, and the calibration function was obtained by
fitting with a Boltzmann sigmoidal equation (as previously
described”') in a data analysis program (GraphPad Prism).
Following cell seeding (5.5 x 10° cells per chamber) and
an attachment period of three hours, medium perfusion (5
uL min~') was initiated and maintained for at least 16 hours
(e.g., overnight proliferation) before nanoparticle exposure.
Time-resolved measurements of the oxygen consumption and
acidification rates were conducted sequentially by halting the
flow for 5-10 minutes once every hour. OCR (AO,) and ECAR
(ApH) were calculated by employing the following equations:

Ap OZstlSiOZ —ApO2,, i,
Ap Omesio2 —Ap 02,

Cell viability (%) = 100 x

—cells

Apl—lpmstSiOZ - APH
ApH ApH,

no_cells

Cell viability (%) = 100

presio, no_cells
For ApO,
oxygen pressure and pH in chambers without cells during
the stop phase was used (n = 3). In total, three recordings
were taken during each period to estimate the mean (n = 3)
difference in oxygen pressures (referred to as AO, in the
result section) before and after exposure to the nanoparticle
suspensions. Increasing concentrations of SiO, nanoparticles
in serum-free medium without HEPES at a flow rate of 10 uL
min™" were added for a period of 3 h, and oxygen
consumption and acidification rates were monitored. For
each cell type, the microfluidic nanotoxicity assessment has
been repeated a minimum of 6 times using different
passages of cells and batches of microfluidic chips. At the
end of each experiment, cell viability was determined
employing a LIVE/DEAD® Viability/Cytotoxicity Assay kit (Life
Technologies, Vienna, Austria), Hoechst 33258 solution
(94403, Sigma Aldrich) and a fluorescent microscope (IX83
Olympus LifeCell). Staining solutions were prepared
according to the manufacturer's instructions and incubated
for 15 min at 37 °C. Cells were analyzed and counted with
the image analysis software Fiji or Image], respectively. In
addition, phase-contrast images were taken before and after

and ApH,, cais the measured variation in

no_cells
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nanoparticle exposure to assess impact on cell

morphology.

any

Statistical analysis

Cell viability and extracellular acidification rate data were
expressed as mean + SD or mean + SEM. The statistical
comparisons of means were performed employing a one-way
analysis of variance (ANOVA) test using the biostatistical
analysis software GraphPad. Significances were depicted as
follows: <0.0332 (*), <0.0021 (**), <0.0002 (***). Estimation
of the inhibition concentration 50 and 90 (ECso, ECoo) was
performed using the SigmaPlot software.

Results and discussion

From the academic prototype and design optimization to
industrial prototyping

As a starting point of our design optimization strategy, a
previously published microfluidic chamber design®” (9 x 3 x
0.3 mm per cell culture area 0.22 cm?, 6.6 uL volume) was
used to evaluate on-chip luminescence-based oxygen and pH
sensing (see Fig. 1) as a novel tool for rapid nanotoxicological
assessments. Initial experiments determined the dissolved
oxygen distribution within our microfluidic cell culture
chambers to estimate dissolved oxygen levels along the 9 mm
long confluent cell layers. To monitor oxygen gradients along
the entire length of the culture chamber in the presence of
increasing flow rates, four oxygen sensor spots were
distributed evenly along the flow direction (see Fig. 2A) and
alveolar lung cells (A549), known for their high metabolic
activities, were used in this study. Results are shown in
Fig. 2B, pointing at a clear flow velocity-dependent oxygen
distribution along the cell cultivation chamber. In other
words, in the presence of lower flow rates such as 2.5 to 5.0
uL min", a significant cell-induced oxygen level drop from
160 hPa to 50 hPa or 3.4 fold reduction and 190 hPa 110 hPa
or 1.7 fold reduction are apparent between sensor 1 and 4.
Continuous cellular oxygen uptake resulted in (a) linear
dissolved oxygen gradient along the chamber at 2.5 pL, min™*
flow rate, (b) a linear increase of oxygen levels from 160 hPa
to 200 hPa at the upstream sensor 1 location in the presence
2.5, 3.0, 4.0, 5.0 and 10 mL min " and (c) oxygen saturation
(200 hPa) at locations 1, 2 and 3 in the presence of 10 pL
min . This means that volume flow rates above 10 pL min*
are needed to ensure comparable (+1.5% variation) oxygen
tensions throughout our measurement chambers. As an 11%
lower dissolved oxygen level between upstream sensor 1 and
downstream sensor 4 was still present even at flow rates of
50 uL min* (data not showed), it was concluded that the
chamber length needs to be reduced to ensure a homogenous
oxygen pressure in the entire chamber.

To ensure that the design of the microfluidic device allows
for an even distribution of volume flow, a prerequisite for
uniform nanoparticle exposure and thus comparability and
reproducibility, a CFD simulation was performed (ESI{ Fig.
S1). A flow velocity of 10 pL min™" (at the T-junction and cell

This journal is © The Royal Society of Chemistry 2021
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culture chambers (5 uL min ")), which was selected based on
the initial oxygen distribution experiments, revealed a
uniform flow suggesting nanoparticle
distribution throughout the chip covering the entire cell
culture area. Microfluidic studies employing fluorescently
labeled particles were conducted to further support the
results obtained by the CFD simulation. As expected, particle
distribution throughout the cell culture chamber revealed an
even flow as well as particle distribution.

Based on the above results, two minor design
optimizations were performed prior to the industrial-relevant
prototyping, including the reduction of the cell culture
chamber length by 20% (from 9 mm to 7.2 mm) to ensure
similar and homogenous oxygen pressure distribution along
the entire cell culture area under measurement conditions.
In addition, the channel width of the inlets and outlets were
narrowed from 1 mm to 0.5 mm to restrict unwanted cell
growth in the inlet that may compromise optimal oxygen
availability. Moreover, the spatial distance between individual
cell culture chambers was adapted to a microtiter plate
format (e.g,, 9 mm center-to-center). Fig. S1f shows the
industrial prototype's final design and dimensions that
employ the oxygen impermeable material cycloolefin
copolymer (COC). While the microfluidic top layer (total
volume of 6 pL), including Mini Luer connectors, sensor
grooves, and optical fiber ports, was fabricated using hot
embossing technology, a glass microscope slide was bonded
to the microfluidic COC layer using an adhesive film ARseal
90880. Fig. 3 depicts the two configurations of the industrial-
relevant prototypes where design V1 features additional
guiding ports as a simple plug-in system for the optical
cables needed for the chemiluminescent oxygen and pH
measurements. Oxygen and pH sensors were spotted into the
circular grooves before the device assembly. Microfluidic
chips were stored in light-impermeable containers before
usage up to 24 months without any stability loss, sensor
drifts, and a decrease in signal (data not shown).

volume even

High sensitivity nanotoxicity assessment based on combined
oxygen consumption and extracellular acidification rates

Before on-chip experiments, the cytotoxicity of silicon oxide
nanoparticles (SiO, diameter 25.0 + 3.66 nm) was
characterized using standard static culture plates to
determine their suitability as a reference nanomaterial. Initial
experiments (see Fig. S3t) show dose-response curves for

View Article Online
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lung, gut, and endothelial cells wusing decreasing
concentrations of nanosilica (500-250-125-62.5-31.3-15.6 pg
mL™") in the presence and absence of serum protein. This
study revealed that a 4-hour exposure in the absence of
serum protein is sufficient to induce significant cytotoxic
effects, thus confirming the mitigating effect of protein
corona at the surface of nanoparticles.*® Interestingly, a
significant cell type-dependent shift in MIC values from 9 pg
mL™ to 23 pg mL™ to 180 pug mL™' was found for
endothelial, lung, and gut cells, respectively. The observed
differences in dose-response curves between the selected cell
types highlight the importance of including various cell types
in nanotoxicological evaluations. Table 1 lists the calculated
EC;, values obtained from our nanotoxicology study and
compares previously published values. As a result of our pre-
screening study, subsequent microfluidic nanotoxicity
assessments were conducted using 50 ug mL ™" nanosilica for
A549 (used in initial prototype study), 100 pg mL™" and 500
ug mL™ for HUVECs as well as 50 pg mL™* and 500 pug mL ™
for Caco-2 cells.

Next, the additive effect of nanoparticle perfusion, which
has been linked to an increase in nanoparticle uptake and
intracellular accumulation, on cytotoxicity was investigated in
more detail. In a comparative study, differences in cellular
viability among static and dynamic exposure scenarios were
evaluated. Viability results using live/dead staining are shown
in Fig. S6+ and point at increased toxicities in the presence of
fluid flow. For instance, a decrease of viability by 13% (50 pg
mL™") and 25% (500 pug mL™") was observed in the dynamic
model compared to the static model for Caco-2 monolayers.
In the case of HUVECs, a decrease of 14% (100 ug mL ™) and
25% (500 pg mL™") was observed for the dynamic exposure
scenario compared to the static exposure scheme. Table 2 lists
the calculated cell viabilities for each scenario and cell type,
as well as a comparison thereof. The modulatory effects of
fluid flow on nanotoxicity seen in the current work are in line
with previous investigations of our group and other
microfluidic studies on uptake and toxicity of nanoparticles
for epithelial and endothelial models, where dynamic
conditions increase cytotoxicity even for nanoparticle species
with low toxicity (e.g;, Au nanoparticles).'**” This
observation can be explained by a combination of i) increased
endocytosis mediated uptake under physiological shear stress
as well as ii) an overall higher dosage of nanoparticles at a
dynamic exposure scenario compared to a static exposure
scheme at the same concentrations.

Table 1 Calculated ECsq and ECgq values of SiO,-NP (25.0 + 3.66 nm) after 4 h treatment with A549, Caco-2, and HUVEC

Cell EC;5, values from literature
type ECs (ug mL™) ECqo (ug mL™") (ng mL™", 0% serum)
A549 56 (0% serum) 419 (0% serum) 50 (60 nm)*!
>500 (10% serum) >500 (10% serum)
Caco-2 >500 (0% serum) >500 (0% serum) >256 (55 nm)**
>500 (10% serum) >500 (10% serum)
HUVEC 20 (0% serum) 49 (0% serum) <50 (ref. 33)

97 (5% serum)

This journal is © The Royal Society of Chemistry 2021
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Table 2 Calculated cell viabilities for Caco-2 cells and HUVECs after 3 h
static and dynamic exposure scenarios with silica nanoparticles inside the
microfluidic COC prototype. Cell viabilities are derived from live/dead
assays and expressed as mean value  SD (n = 3-9). The difference in the
viability of the dynamic scenario compared to the static is shown under
“static vs. dynamic”

Caco-2
NP concentration Viability Viability Static vs.
(0% serum) static dynamic dynamic
0pug mL ™" 96.8 + 1% 98.9 £+ 1% 2.19%
50 ug mL ™ 90.8 £ 1% 79.5 £ 9% -12.45%
500 pg mL™* 78.5 £ 1% 58.8 2% -25.07%
HUVECs
NP concentration Viability Viability Static vs.
(5% serum) static dynamic dynamic
0 pug mL™" 98.7 £ 0.5 95.5 + 3.0 -3.11%
100 pg mL™* 97.5+0.5 84.0 £ 6.6 -13.85%
500 pug mL™" 82.9 +£ 6.2 41.1 + 149 —-50.50%

CaCo-2, Cell Number Dependent

HUVECs, Cell Number Dependent

View Article Online
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The impact of cell

acidification rates

type and number on cellular

investigated in subsequent
experiments using the industrial-relevant prototype to
determine optimum assay conditions. In a series of
experiments, Caco-2 cells and HUVECs were seeded with
increasing seeding densities (1 x 10°, 5 x 10°, and 1 x 10°
cells per mL), and pH shifts were monitored during cell
adhesion  and  spreading  processes.  Extracellular
acidifications rates, expressed as changes in pH, were
measured every hour following a 20 min stop of flow. Results
shown in Fig. 4A/B reveal a linear decrease in pH values in
the presence of increasing Caco-2 and HUVEC cell seeding
densities after a 3 h cultivation period. Additionally,
luminescence-based = pH  measurements showed a
significantly stronger (3-fold) metabolic activity of Caco-2
cells over HUVECS (see Fig. 4C) already during cell seeding,
thus highlighting the ability of integrated microfluidic pH
sensing to detect even minor metabolic differences. To

was
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Fig. 4 Impact of cell density and cell type on ECAR. A) Cell number-specific acidification of Caco-2 cells during 3 hours of adhesion. B) Cell

number-specific acidification of HUVECs during 3 hours of adhesion. C) Calculated ECAR during 3 hours of adhesion for Caco-2 cells and HUVECs.
D) Cell number specific acidification of Caco-2 cells during stop flow phase 4 hours after cell seeding. E) Cell number specific acidification of
HUVECs during stop flow phase 4 hours after cell seeding. F) Calculated ECAR during stop flow phase 4 hours after cell seeding for Caco-2 cells

and HUVECs.
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determine the minimum assay time needed to identify
differences in cellular metabolism, acidification rates are
recorded after 3 h post-seeding for every two minutes in the
presence of increasing cell numbers. Fig. 4D shows pH shifts
induced by the metabolic activity of Caco-2 cells over a period
of 20 min resulting in a total ApH of 0.13 + 0.04, 0.56 + 0.09,
0.845 + 0.06 after 3 hours of cell adhesion (for 1 x 10°, 5 x
10% and 1 x 10° cells per mL, respectively). The above cell
densities were selected to achieve either a confluent
monolayer of cells (1 x 10° cells per mL), 50% surface
coverage (5 x 10° cells per mL) and 10% confluency in the
presence of 1 x 10> cells per mL. Similar results were
obtained using HUVECs, where a total ApH of 0.22 + 0.02
and 0.37 + 0.01 was obtained for higher cell densities (see
Fig. 4E). In other words, metabolic differences can be readily
detected within 10 min during stop-flow conditions (see
Fig. 4F). To further investigate whether pH changes can be
identified during continuous flow conditions, cellular
acidification rates constantly monitored during
nanoparticle exposure. Fig. 5 shows calculated pH values over
a period of 1 hour in the absence and presence of increasing
nanoparticle concentrations. While measured pH values in
control chambers containing no cells but NPs remained
stable, the chambers containing monolayers of Caco-2 cells
all revealed a time-dependent pH change. While in the
absence of nanoparticles, an almost linear pH decrease was
evident, chambers perfused with nanoparticle concentrations
of 50 ug mL™ and 500 ug mL ™" revealed lower metabolic
activities that decreased over nanoparticle exposure time.
Similar results were observed in repeated experiments

were

Non-invasive Monitoring of pH
After Exposure to Nanoparticles

Medium
[ Opg/mL
50 pg/mL
Il 500 pg/mL

25

30

Time [min]

40 45 50 55

Fig. 5 Representative graph of extracellular pH in chambers with
monolayers of Caco-2 cells during nanoparticle exposure. While in the
control chamber (0 pg ml™), the ECAR of cells is higher than the
exchange of new medium, for both chambers exposed to
nanoparticles (50 and 500 pg ml™), a decrease in metabolic rate
(increasing pH) is observed, visualizing the toxicological effect of
nanoparticles.
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Table 3 Change in extracellular pH for Caco-2 after 3 h perfusion with

silica nanoparticle at different concentrations expressed as mean values +
SD (n = 3-6)

Nanoparticle concentration ApH

0 ug mL™" -0.063 + 0.07
50 pug mL ™ 0.288 + 0.04
500 pg mL™" 1.282 + 0.25
Medium 0.018 + 0.01

displaying the same trend for each nanoparticle scenario.
Table 3 shows ApH presented as the difference in pericellular
pH between the start and after 3 h perfusion at a flowrate of
5 uL min*. Overall, the ability to rapidly obtain information
on dynamic cellular metabolic changes in a time-resolved
manner further supports the application of acidification rates
as a reliable and robust indicator of cell viability. However, to
increase the sensitivity of the integrated pH sensor solely,
stop-flow measurement conditions are used in all subsequent
experiments.

To finally verify the ability to detect induced metabolic
shifts in the presence of 50 pg mL™* and 500 ug mL™*
nanosilica, in the case of Caco-2 cells as well as 100 pg mL™"
and 500 pg mL™" nanosilica in the case of HUVECs, oxygen
consumption rates, and extracellular acidification were
monitored. Fig. 6 shows raw data before and after exposure to
silicon oxide nanoparticle suspensions. Oxygen consumption
and acidification were recorded in triplicates before cell
seeding, after overnight adhesion before nanoparticle
exposure, and again after 3 hours of nanoparticles exposure.
During the stop-flow measurement period (pump off), an
immediate decrease in pericellular oxygen pressure (see
Fig. 6G) and extracellular pH (see Fig. 6H) was noticeable for
both cell types. In fact, obtained metabolic changes correlated
well with obtained cell viabilities using state-of-the-art dye
exclusion assays and morphological evaluations using phase-
contrast micrographs (see also Fig. S5f). While in the
presence of 10 pL min~" flow rates, oxygen and pH levels
remained stable, reduced oxygen depletion rates and pH
shifts (see insets) were already detected for Caco-2 cells in the
presence of 50 ug mL™" silica nanoparticles. To evaluate the
comparability of on-chip metabolic sensing to standard cell-
based nanotoxicological assays, cell viabilities obtained from
oxygen, pH sensing, and live/dead staining in the presence of
increasing silica oxide nanoparticle concentrations were
compared between Caco-2 cells and HUVECs.

Results in Fig. 6G/H not only show a dose-dependent
viability decrease in the presence of increasing nanosilica
concentrations but also highlight the similarity of
calculated%-viability values. For instance, viability of Caco-2
cells after exposure to a nanoparticle concentration of 50 pg
decreased to 79.5 = 8.9% (live/dead), 79.4 = 6.1%
(oxygen consumption rates), and 77.1 + 9.2% (extracellular
acidification rates). In the presence of 500 pg mL™
nanoparticles cell viability decreased to 58.8 + 2.4% (live/
dead), 52.3 + 5.2% (oxygen consumption), and 58.9 + 2.7%

mL™*!
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Fig. 6 Nanotoxicity assessment after three h perfusion in microfluidic cell culture chambers with different validation methods. A) Cell viability of
Caco-2 cells calculated with live/dead staining, oxygen consumption, and acidification rates. B) Cell viability of HUVECs calculated with live/dead
staining, oxygen consumption, and acidification rates. C) Fluorescence images of a live/dead assay of Caco-2 cells after 3 hours of nanoparticle
exposure. Scale bar: 50 um. 20x magnification. D) Fluorescence images of a live/dead assay of HUVECs after 3 hours of nanoparticle exposure.
Scale bar: 50 um. 20x magnification. E) Phase-contrast micrographs of Caco-2 cells after (i) over-night proliferation in standard culture medium,
(ii) after 3 h perfusion of medium (control), (iii) after 3 h perfusion with 50 ug ml™ SiO,-NP (arrows depict detaching and disruptions in the cell
monolayer) and (iv) and 500 ug ml™ SiO,-NP (highlighted images present sections of detaching and fragmented cells). Scale bar: 100 um. 10x
magnification. F) Phase-contrast micrographs of HUVECs after (i) over-night proliferation in standard culture medium, (i) after 3 h perfusion of
medium (control), (iii) after 3 h perfusion with 100 ug mU™ SiO,-NP (inlets display zoomed in picture sections of rounded/detaching cells and
apoptotic bodies) (iv) and 500 ug ml™ SiO,-NP. Scale bar: 100 um. 10x magnification. Representative graphs of pH and oxygen measurements
during stop phase (pump off) and return to the baseline during the flow phase (10 ul min™) in microfluidic cell culture chambers before and after
nanoparticle exposure. The related flow profile is shown under each graph. G) Oxygen consumption of Caco-2 cells measured in three different
chambers with increasing nanoparticle concentration (green lines: before nanoparticle exposure, orange lines: after nanoparticle exposure). H)
Extracellular acidification of Caco-2 cells measured in three different chambers with increasing nanoparticle concentration (green lines: before
nanoparticle exposure, orange lines: after nanoparticle exposure).
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(acidification). Similar comparability was found using
HUVECs where 3 h exposure to 100 ug mL™ nanoparticles
resulted in a cell viability decrease to 84.0 + 6.6% (live/dead),
81.6 + 6.3% (oxygen consumption), and 79.7 + 4.3%
(acidification), respectively, while 500 ug mL™ concentration
revealed a viability of 41.1 + 14.9% (live/dead), 37.6 + 11.6%
(oxygen consumption), and 36.1 + 11.6% (acidification).

In fact, data analysis (see Fig. S41) has shown that by
using this sensor-based microfluidic analysis approach,
cellular viabilities can be readily detected after 20 seconds,
resulting in a 90-720x reduction in assay time, compared to
conventional viability assays. Examples from live/dead
staining images after nanoparticle exposure are depicted in
Fig. 6C (Caco-2) and D (HUVECS). It is also important to note
that microfluidic culture conditions, including the assay
protocol, did not have a significant adverse effect on cell
viabilities since control measurements yielded viabilities
around 100 + 5%. Since morphological evaluations are also
routinely conducted to assess adverse effects of
nanoparticles, phase-contrast images are also provided in
Fig. 6E/F. As an example, before NP-perfusion, Caco-2 cells
formed a confluent monolayer exhibiting a cobblestone
morphology typical of epithelial cells (Fig. 6Ei), which
changed following the exposure to 50 and 500 pg mL ™
nanoparticles, wherein Caco-2 cells displayed a disrupted
monolayer, detaching as well as fragmented cells (Fig. 6Eiv).
Similar morphological changes were observed in HUVECs,
which initially showed elongated cells (Fig. 6Fi), leading to
rounded cell morphology, characteristic for detaching cells,
as well as indications of cellular fragmentation (Fig. 6Fiii).
After exposure with the highest concentration (500 pg mL™),
cell density reduction, irregular shape, and cellular shrinkage
(apoptotic cells) were observed (Fig. 6Fiv).

Conclusions

In the current work, we have developed an industry-
compatible microfluidic multi-sensor integrated prototype to
accelerate the transition from academic prototyping to large-
scale production of next-generation microfluidic systems
containing integrated optical microsensors. It is essential to
highlight that a wide range of academic prototypes can either
not be fabricated by large-scale microfluidic producers or
need significant re-engineering, thus resulting in long
development times and accumulation of costs. This
academic-industrial development gap can primarily be
associated with the different materials and methods,
including design specifications used for rapid prototyping in
academic and industrial settings. While academic
prototyping moves from soft lithography using PDMS to 3D
printing technologies, industrial manufacturers are still
limited to hot embossing and injection molding using
thermoplastic polymers (e.g., COC, PMMA, PE). This means
that material choice and properties, as as
manufacturable aspect ratios, wall angles, and other features,
are predefined by industrial standards.

well
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We have employed a two-step engineering strategy to
reduce the overall microfluidic development time needed to
go from academic prototyping to industrial prototypes to
piloting to mass production. While in the first step,
xurography is used to optimize geometries of the microfluidic
network, two injection-molded substrates using COC are
fabricated in a second step to produce industrial-relevant
prototypes. Although device assembly, surface modification,
and sensor integration are still performed manually, a
medium number (above 100) of fully functional biochips can
be readily built and tested prior to a final design freeze
needed for large-volume production using automated
assembly streets. In our study, we demonstrated the ability to
non-invasively monitor cellular metabolic activities, including
oxygen consumption and acidification rates, in real-time
using our industrial-relevant prototypes. Our results show
that oxygen consumption and extracellular acidification rates
linearly depend on increasing cell densities but significantly
differ between cell types featuring higher (e.g., cancer cells)
or lower (e.g., primary cells) metabolic activities. In a final
practical application, our dual-sensing microfluidic platform
was used to reliably and reproducibly determine the
cytotoxicity of SiO, nanoparticles on epithelial (Caco-2) and
endothelial (HUVEC) cells. Results of our microfluidic
nanotoxicological screening study further revealed that rapid,
non-invasive monitoring of nanomaterial-biology interactions
provides similar outcomes than recommended endpoint cell-
based assays using dye-exclusion principles, while
significantly reducing assay times by a factor of 90-720x. In
summary, the developed chip system is ready to be directly
translated into mass production due to the fast and time-
efficient prototyping strategy, manufacturability of the
industrial-relevant prototypes combined with the easy
operation and integration of sensors spots.
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Table S1: Comparative overview of state-of-the-art oxygen and pH sensing platforms

MICROENVIRONMENT THROUGHPUT SENSORS AND SENSING ADDITIONAL COMMENTS
) Requires mineral oil >
Dispersed Oxygen and pH
MitoXpress assay (Agilent) Static High P Pr :gg 3 P! potential extraction of lipophilic substances;
Assay time: 60-90 min
Seaho;slzt);;l::alyzer static High Optical O, and pH Up to 4 compounds can be added;
i i . .
(Agilent) measurement Assay time: 60-90 min
O2k-FluoRespirometer 4 Electrochemical O, and pH Invasive
Orob static tow Requires Permeabilized Ti Cells, Indivicual Celt
COMMERCIALIZED (Orobos) measurement equires Permeabilized Tissues or Cells, Individual Cells
Low Non-invasive monitoring;
SC 1000 Metabolic Chip N N=6 Electrochemical O, and pH Limited Optical Access;
(Bionas) Dynamic Big Footprint measurement Discontinued
ey Non-invasive monitoring;
Biochip D (Cellasys) Dynamic ) N=6 ) Electrochemical O, and pH Optical Access ’
IMOLA-IVD Big Footprint measurement
Sensor integrated Transwell system;
Tanumihardja et al.* Static Low Electrochemical O, and pH Oxygen sensing cannot be performed more than once per
N=1 measurement hour;
ECAR
. . Non-invasive monitoring;
Optical O, and pH (absorption) I N 4 .
Shaegh et al Dynamic Low AT Design limitation due to absorption-based detection
N=1 approach
. Optical O, and pH Microlguidic Icontinu(f)l;s cL:I;urebr(:.;ct.olis W|I:h high
2 . ow ‘working volumes of mL for bacterial cultures;
Leeetal. Dynamic N=1 measurement Non-invasive monitoring
ACADEMIC Proof of Principle;
N Non-invasive monitoring of T98G human brain cancer
Weltin et al® Dynamic Low Electrochemical O, and pH cells
N=1 measurement
Optical 0, and pH Monitoring of OCR and ECAR of a developing zebrafish;
i P L
Huang et al.* Dynamic Low measurement . Noni “"'”?S'VE mon!ton "e;
N=1 No optical access in sensor integrated setup
n Optical O, and pH Low Footprint;
Dual sensor-integrated Dynamic . Moderate measurement Non-invasive monitoring;
prototype RSB Cellular Viability < 605
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Figure SI1: Schematic illustration of the COC microfluidic prototype with the individual dimensions of the chip, the chambers, and the microfluidic channels.
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Figure SI2: CFD analysis of the microfluidic prototype. a) Simulated flow behavior through the cell culture chambers (h:280 pm) at a flow rate of 10 uL/min, depicting a uniform flow
profile with parallelly aligned streamlines. b) Simulated particle distribution within the microfluidic chamber at a flow rate of 10 uL/min. c) Representative image of the tracked
particles within the microfluidic chamber. d) Comparative analysis of the mean particle speed along the width of the microfluidic chamber and at five randomly located positions
within the device, revealing no significant difference and thus a uniform particle distribution through the chamber.
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Figure SI3: Cell viability of (a) A549 cells, (b) HUVECs, and (c) Caco-2 cells in standard 48-well plates after 4h SiO,-NP exposure of increasing concentrations in
medium with and without serum determined with a Presto Blue assay. The signals of untreated cells were set as 100%. The plotted data represent the mean +
standard deviation (CV: %), n = 3.
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Figure SI4: Assay time validation. a) Viability calculations for HUVECs (green (CoV < 5%)) and Caco-2 (orange (CoV < 7%)) for three individual experiments at different measurement
time points (10s-180s) revealing comparable viability results after 20 seconds of measurement. b) Comparative analysis of the acquired slopes (AhPa/As) for HUVECs and Caco-2
cells prior (green) and after (orange) different nanoparticle exposure scenarios revealing stable slopes after 20 seconds of measurement. Slopes were fitted with a linear
regression. c) Table listing the linear regression equations and the deviation of the respective slopes from 0.
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Figure SI5: Effect of SiO,-NP on cell viability and cell morphology in A549 cells after 3h perfusion in microfluidic cell culture chambers with the glass
prototype. (A) Cell viability calculated from oxygen consumption and from Live/Dead staining both showed dose-dependent decreases at comparable rates.
The plotted data represent the mean * standard deviation (CV: 1.5-15.6 %), n = 3. (B) Morphology studies of A549 cells (i) after over-night proliferation in
standard culture medium showed a typical cobblestone morphology with triangular shapes. (ii) After 3 h perfusion of serum-free medium (control) about
50% of the cells have contained their triangular shape while the rest transformed into rounded shapes. (iii) After exposure with 50 pg/mL SiO,-NP the
majority (>90%) of cells had lost cell-cell contacts and changed the morphology into rounded shapes, probably caused by a combination of nanoparticle
exposure and the serum-free medium. Despite this, the cells did not detach from the substrate during flow conditions. (iv) After exposure with 500 pg/mL,
the cells showed both rounded shapes as well as fragmentized morphology typical of dead cells. Scale bar: 100 pm. 10x magnification.
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Figure SI6: Impact of static and dynamic silica nanoparticles exposure scenarios on (a) Caco-2 cells (20% FCS) and (b) HUVECs (serum free). The
plotted are derived from the live/dead assays and expressed as mean value £ SD (n= 3-9).
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Monitoring the neurotransmitter release of human
midbrain organoids using a redox cycling
microsensor as a novel tool for personalized
Parkinson'’s disease modelling and drug screeningt

Cristian Zanetti, () 12 Sarah Spitz,1* Emanuel Berger,® Silvia Bolognin,?

Lisa M. Smits, {22 ® Philipp Crepaz,® Mario Rothbauer, () §2 Julie M. Rosser 42
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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
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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

This journal is © The Royal Society of Chemistry 2021
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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

This journal is © The Royal Society of Chemistry 2021
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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), KNO;, Na,S,05, EDTA and H,0, were bought
from Sigma-Aldrich (Austria). Potassium hexacyanoferrate(i)
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.

Analyst, 2021,146, 2358-2367 | 2359
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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,O, (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(u) and 5 mM
potassium hexacyanoferrate(m) in 0.1 M KNO;.

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

2360 | Analyst, 2021,146, 2358-2367

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,0s, 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
8t). 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 uM SAG (Merck), 10 pM
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 pM dbcAMP, 10 ng
mL™" hBDNF and hGDNF (Peprotech), 1 ng mL™" TGF-$3
(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.}

This journal is © The Royal Society of Chemistry 2021
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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 S1}). 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,
L-DOPA, and GABA were evaluated.?* To match the concen-
trations of the respective cell culture medium, AA was set at a
concentration of 200 uM. The catecholamines norepinephrine,
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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 uM 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 -DOPA were analyzed at a con-
centration of 5 pM, based on the levels of the most abundant
catecholamine in the medium: .-DOPA, which was assessed
during preliminary LC-MRM-MS studies (data not shown).
Similarly, GABA concentration was set at a concentration of
40 uM 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. S4t). 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 s7*).*® 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 L-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 r-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 S2+). Time stability was monitored over a
period of 12 days showing no significant change (a = 0.05, see
ESI Fig. S5t) 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 S37). 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. S67T). 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 S57),
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 S7f). 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 S4.1

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) 10696 (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.

Analyst, 2021,146, 2358-2367 | 2363
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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
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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 .-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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Fig. 3 hMOs supernatant analyses. (a) Comparison of electrochemical results at differentiation day 60 with different hMO lines. Error bars: standard
error of the mean (SEM), n = 3, background subtracted signals (cultivated cell culture medium); (b) time resolved monitoring of organoid super-
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
LRRK2 mutated hMOs (control, DMSO), differentiation day 46. Error bars: SEM, n = 2, background subtracted signals; (d) LC-MRM-MS results of the
LRRK2 inhibitor Il experiment, differentiation day 46. Error Bars: standard deviation, n = 3. p values for one tailed t-test: * p < 0.05, ** p < 0.01.
Presented results were obtained from a pooled hMO supernatant (n = 3). For a description of hMO lines see Table 1.
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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, :-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,
L-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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Figure S1. 10-minutes redox cycling signals of 5 pM DA in PBS, for both MPA and control sensors. The signal drift
was calculated with a linear fit between 110 s and 600 s. The MPA effect on the signal drift was evaluated by comparing the
slopes from the linear fits, see Table below for details.

Table S1. Results of the signal drift calculation from the 10-minutes redox cycling experiment. The linear fit results
were averaged (n = 2) and are displayed in the table with the correlated standard error and the slope in degrees. The effect of
MPA at the generator removed the signal drift (the value marked with an asterisk was not significantly different from zero).
The MPA effect on the collector (cathodic currents) significantly reduced drift of signal from a positive (decreasing signal)
slope to a slightly negative value (increasing signal over time), overall this shows a positive impact of MPA on the signal
stability.

Angular coefficient Standard Error t-test on slope values
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from linear fit for angular Slope (one-tailed)
Mean (n =2) coefficient (degrees) Mean (n=2)
(nA/s) (nA/s)
Generator Control -0.0678 8.23 E-05 -3.88 Generator Control vs
Generator MPA:
Generator MPA * .2 E-05 2.15 E-05 * -0.0011 p<0.01
Collector MPA -0.00903 1.02 E-04 -0.518 Collector Control vs
Collector MPA
Collector Control 0.0497 1.11 E-04 2.85 p<0.01
3
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Figure S2. Optimization of the generator potential. On the top: Chronoamperometric responses of DA and AA at the

sensor with increasing generator electrode potentials. The potential was stepped every 30 s from 0 to +0.30 V, the collector

potential was set to —0.1 V. On the bottom: ratio of the recorded DA and AA signals. The experiment was performed in PBS
(pH = 7.4)
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Figure S3. Optimization of the collector potential. On the top: chronoamperometric responses of DA and AA at the sensor
with decreasing collector electrode potentials. The potential was stepped every 30 s from 0 to —0.20 V, the generator

potential was set to +0.25 V. On the bottom: ratio of the recorded DA and AA signals. The experiment was performed in
PBS (pH =7.4).
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Figure S4. Generator and Collector signals of ascorbic acid (AA) and dopamine (DA) solutions in PBS at MPA
modified sensor. a) At the generator the DA signal is higher than the AA signal, and when the two components are mixed in
the same solution the resulting signal is higher than the sum of the separate ones, this synergic action is attributed to AA
reducing DA-quinone, thus increasing diffusion gradients and leading to higher currents; b) at the collector the AA signal is
silent, while the DA signal is visible (due to reduction of DA-quinone), the copresence of DA and AA in solution leads to a
silent signal, this is also attributed to AA reducing DA-quinone.
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Table S2. Sensor intra-batch and inter-batch repeatability. Each sensitivity measurement was obtained from the slope of
a 0-1000 nM DA calibration curve in PBS.

DA sensitivity (nC/nM)
Intra-batch CV Inter-batch CV (n
licat. (n=4) =3)
eplicate
Batch 1 2 3 4
A 0.955 0.973 0.960 1.041 4.1 %
B 1.113 1.084 1.090 1.085 1.3% 9.9 %
C 1.240 1.171 1.259 1.242 32%
1.4
1.3 1
12 :
1.1 } ¢
1.0 ° : o .
E 0.9 4 i
\% 0.8
2071 o
% 0.6
£ 051
04
0.3+
0.2 [ ® Mean Sensitivity (n = 4)
0.1
0.0 T T T T T T T T T T
0 2 4 6 8 10 12 14
Time (days)

Figure S5. Time resolved monitoring of DA sensitivity of the sensor (n = 4) to assess sensor stability. The slope of the
linear regression was not significantly different from zero (a = 0.05).

Table S3. Long-term stability study. DA signal was measured on the month of manufacturing and also after 20 months (n
=3). Selectivity towards AA was also measured after 20 months.

. DA signal (nC/nM) at DA signal (nC/nM) at o Selectivity towards AA
replicate month 0 month 20 7 change after 20 months
A 0.86 0.41 -52 % 57
B 0.58 0.53 -8% 49
C 0.76 0.52 -31% 68
Average £ 0.73+0.14 0.49 +0.07 -33+£22% 58+9.5
SD
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Table S4. Detailed Results of the analysis of selectivities to DA change after MPA modification. The selectivity was
calculated as the ratio of the biomolecule signal (nC/nM) and the DA signal (nC/nM). The percent change represents the
change in selectivity to DA after MPA modification. Not detected or n.a.: the signal of the compound was not significantly
different from the background (PBS, a.= 0.05, two-tailed t test).
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Selectivity to DA (standard deviation, n = 3) at the control sensor and at MPA modified sensor,
percent change after MPA modification.
Generator Collector
Compound Control MPA % Change Control MPA % Change
Norepinephrine 1.8 (0.02) 1.9 (0.05) +4% 2.9 (0.02) 3.7(0.02) +30%
L-DOPA 3(0.02) 15.8 (0.04) +419% 8.2(0.02) | Not detected na.
Epinephrine 3.5(0.03) 2.2 (0.04) -37% 83.7 (0.02) Not detected n.a.
AA 6.9 (0.02) 55 (0.04) +702% | 3714.6 (0.02) Not detected n.a.
DOPAC 11.1 (0.02) 115.2 (0.04) +934% 11.4(0.02) | Not detected n.a.
GABA 288 (0.02) Not detected n.a. Not detected Not detected n.a.
2000
o Gen. PBS y=-0,68 +0,76x_=
1500 ~ o Gen. Medium =
& Coll. Medium|
1000 v__ Coll. PBS
Q 500 - y:36+0,1x
= S +
=
o0 A
n 4 A a
=17-0,056x
-500 Y
-1000 -
y=-4,7-0,53x"
'1500 T T T T T

0 500 1000 1500 2000 2500

DA Concentration (nM)
Figure S6. Electrochemical sensor calibration of DA in both PBS and cell culture medium. Generator (Gen.) signals
include PBS (open squares) and cell culture medium (open circles). Collector (Coll.) signals include PBS (up open triangles)
and cell culture medium (down open triangles). Linear regressions equations are visible. Error bars: standard error of the
mean.

Table SS. Detailed results of the linear regression of DA calibration in PBS and cell culture medium. The LOD was
calculated as the value of the blank (cultivated cell culture medium) plus three times the error of the blank (SEM). The
lowest limit of the linear range is the adjusted to be > LOD.

LOD Linear Range Intercept Slope Statistics
Signal, Vzhfoi OCS‘I' Concentration Value Standard Value Standard Error Adj. R-
Solvent (nM) (nM) (nC) Error (nC/nM) Square
Ge';flgg“’r’ 69 +25 157-2254 —0.68 6.37 0.759 0.005 0.99956
Generator, | 344, 44 369-2254 4171 3.74 0.149 0.003 0.99755
Medium
Collector, | ;¢ 49 476-2254 16.75 3.82 ~0.056 0.003 0.9864
Medium
C"gf;sf“r’ 108 = 29 108-2254 —4.68 521 —0.528 0.004 0.99939
7
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LC-MRM-MS

Table S6. Elution program of the LC-MRM-MS method using 0.1 % aqueous formic acid as eluent A and acetonitrile

as eluent B.

Time (min) B % Flow rate (ml/min)
0 2 0.4
4 2 0.4
8 80 0.4
9 90 0.4
10 2 0.4
12 2 0.4

Table S7. Ion transitions relevant for the established LC-MRM-MS method to detect and quantify six biomolecules

and the internal standard.

MRM Transitions (precursor ion mass > product ion mass)

Analyte Retention time (min) quantitation confirmation
GABA 1.2 104.30 > 87.15 104.30 > 45.10 104.30 > 69.05
Norepinephrine 1.4 170.10 > 135.10 170.10 > 107.10 170.10 > 152.20
Epinephrine 1.8 184.10 > 166.20 184.10 > 123.10 184.10 > 107.10
d3-L-DOPA 2.0 201.10>110.20 201.10 > 154.75 201.10 > 184.30
L-DOPA 2.0 198.20 > 152.15 198.20 > 107.10 198.20 > 181.15
Dopamine 2.1 154.10 > 137.00 154.10>119.10 154.10 > 91.00
DOPAC 6.2 166.80 > 123.05 166.80 > 122.85 166.80 > 105.00
3.0x10° 4 5 ]
A 3 —— 1GABA B! —— 1GABA
2.5210° —— 2NE 15x10° ——4L-DOPA
1 —— 3EP 5 ——5DA
5 —— 4L-DOPA 1L0x10° 2= / ——— 6 DOPAC 2
212.0x10° ——— 5DA 2 4
g ——— 6 DOPAC g \
% 1.5x10° ‘ E 6.0x10°
B 2 ‘ 2
2 2 4
2 Lox10° 4 / '2 4.0x10°
4
S0x10° ” 6 2.0x10* A 6
oo “ 0.0 4 FYIn Jx V- —J\g_‘
o 1 2 3 s 6 7 s o1 2 3 56 1 s

Retention Time (min)

3.1 pmol epinephrine (EP), 3.7 pmol L-DOPA, 4.0 pmol dopamine (DA), 9.1 pmol DOPAC); B) Chromatogram of the

healthy organoid line sample at day 60. EP and NEP had a S/N < 3.
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Figure S7. LC-MRM-MS chromatograms showing chromatographic performance for the most intense MRM
transitions. A) Injection of an aqueous mixture of standards (on column: 19.3 pmol GABA, 2.5 pmol norepinephrine (NE),



Table S8. Limits of Detection (LOD) and Limits of Quantitation (LOQ) obtained for 6 neurotransmitters measured
from cell culture medium after minimal sample preparation by LC-MRM-MS. 5 pl injections. LOD: S/N > 3, LOQ:
S/N > 10.

LOD (nM) LOQ (nM)
GABA 43 142
Norepinephrine 8.6 28.8
Epinephrine 2.5 8.3
L-DOPA 13.5 44.9
Dopamine 10.9 36.2
DOPAC 12.4 414

Table S9. Summary of intraday reproducibility for the LC-MRM-MS analysis of neurotransmitters measured
directly from cell culture medium after minimal sample preparation. On the left column averaged coefficient of
variation (CV) values of four different human midbrain organoid supernatant (differentiation day 60), N/A: data not
available (S/N < 3); On the right column averaged CV values of five different standard dilutions (S/N > 10, same data as
Table 3 in the manuscript). Every injection was done thrice.

% Intraday CV samples % Intraday CV standards
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(n =4, triplicate inj.) (n =5, triplicate inj.)
GABA 6.5 10.5
Norepinephrine N/A 43
Epinephrine N/A 8.7
L-DOPA 5.6 3.1
Dopamine 3.8 14.6
DOPAC 5.2 3.0
9

119



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Cell Culture and Immunohistochemistry

Table S10. hMO lines description with references.

Line namein this  -piopp/cas9)  LRRK2 gene ~ 1iN€Mamein Reference
work ref.
Healthy No WT Healthy2 Qing et al., 2017
Healthy-Mut Yes G2019S Healthy2-Mut Qing et al., 2017
PD1 No G2019S PD1 Reinhardt et al., 2013
PD2 No G2019S PD2 Reinhardt et al., 2013
PD2-GC Yes WT PD2-GC Reinhardt et al., 2013

Figure S8. Immunohistochemical staining of an hMO at day 53 of differentiation. The staining reveals tyrosine
hydroxylase (TH, red) positive dopaminergic neurons ((a) and (b)) as well as the neuronal marker TUJ1 (green) and DAPI
stained nuclei (blue) (a).
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non-invasive monitoring

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 o-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 mitror
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 analysis 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.'*!>1¢

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 iz 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.”*>*2" A

1.** demonstrated significant improvements in the functional maturation

more recent study by Cho et a
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 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 o-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--CD on PD onset and progression.
2. Results and Discussion

2.1 Hydrostatic pressure-driven flow emulates cerebral interstitial fluid flow rates 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 (right 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, exposure to interstitial fluid flow rates significantly
enhanced neurite outgrowth, with a 1.5-fold higher average 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.
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Figure 2: Brightfield image of an embedded hMO on-chip (A). Alignment of glial and neuronal processes in 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). Immunohistochemical staining of MAP2-positive neurons (J). Immunohistochemical staining of GFAP-
positive astrocytes (K). Immunohistochemical 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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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. 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, immunohistochemical 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 the 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, immunohistochemical analysis of whole-mounted hMOs revealed a 2.1-
fold higher TH/MAP2 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 immunohistochemical 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 (SIFig. 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 immunohistochemically stained healthy hMO
after 60 days of differentiation on-chip: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (B). Image of an immunohistochemically
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 immunohistochemically 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
immunohistochemically stained WT and PD hMOs revealing significantly reduced levels of GFAP-positive astrocytes. 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) (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 3XxSNCA 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
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stages of differentiation.*® Figure 3D further shows that 3xSNCA hMOs displayed aspherical
morphologies, as characterized by a significant reduction in organoid roundness from 0.92 for WT
hMOS to 0.83 for 3xSNCA hMOs. Most importantly, immunohistochemical 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 o-synuclein was
validated by calculating the Pearson's correlation coefficient (>0). Intriguingly, immunohistochemical
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 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 4E, 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
164.7+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
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astrogenesis (e.g., glycolytic metabolism).*’*® In an attempt to account for cell number variations
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
immunohistochemical 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. 4C). 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. 4D).

i P D
- Organcidhoes i 5
= Oxygen Demand . 13
E I~
Lo 2§
3 | £
% ‘ } of -
a8
}s il

m
-

¥
§

§

g

g

g

Oxygen Demand [ AhFa)
E

Normalized Oxygen Demand [AhPa/mm?]

&

, " n n » a : A 7 n 5 i o
Time [d] Time [d] ¢

Figure 4: Schematic of the arrangement and working principle of the optical oxygen sensor (A). 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 (C). Heatmap providing an overview of altered mitochondria markers observed in 3xSNCA hMOs. 001 (n >= 3 from 3 independent
organoid generations) (D). Fitted oxygen demand profiles of healthy and PD hMOs over a cultivation period of 42 days (E). Fitted normalized
oxygen demand profiles of healthy and PD hMOs over a cultivation period of 42 days (F). Violin plot revealing significantly reduced
mitochondria body counts in 3xSNCA hMOs (G). (E,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). (C,G) Statistical significance by Mann-Whitney test *p<0.033, **p<0.002,
***p<0.001 (n >= 3 (C) n >= 3 from 3 independent organoid generations).
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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 hMOs 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. 5F). 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. 5Ia).’'
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 at 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 the break in the initial segment (I./arrow)
as well as mono- and bi-phasic spikes recorded on-chip (Iv.).

2.7. On-chip monitoring reveals HP-B-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 3XxSNCA 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-B-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 pm?/day for treated hMOs compared
to 0.03 um*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
immunohistochemical 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 o-synuclein ratios in healthy and HP-B-CD

treated hMOs. These observations support previous findings that impaired autophagic clearance
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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/MAP2 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--CD treated organoids.
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Figure 6: Oxygen demand profiles of healthy, 3xSNCA, and HP-f-CD-treated hMOs over a cultivation period of 42 days (A). Normalized
oxygen demands of healthy, 3xSNCA, and HP-f-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-$-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-B-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 immunohistochemically stained 3xSNCA and HP-f3-CD-treated 3xSNCA organoids revealing a significant
rescue in the TH/MAP?2 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 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-B-CD-treated hMO (right panel): TH (red), GFAP (green),
MAP?2 (magenta), nuclei (blue) (H). (A,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 o-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-o-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 immunohistochemical 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 Matrige1® (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 (Quadriperm®, 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 ® (Coming®) 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 ImnmPACT™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 Iodine (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 (3x, 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 (CO2-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 ef 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 uM 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 pM 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 2-5 mbar and a base pressure of 8-3 mbar (Von Ardenne LS320 Sputtersystem). Photoresist
AZ5214E was spun onto the chrome sputtered 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. 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 with a dose of 240
mlJ/em?. 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 2-5 mbar, and a base pressure of 8-3 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 SisN4was 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 SiHs 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 SF6 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 SA/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 [um/h] and organoid growth [um?] 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 (IX71, 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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Immunohistochemistry

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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Supplementary Information

Development of a multi-sensor integrated midbrain organoid-on-

a-chip platform for studying Parkinson’s disease
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SI Figure 1: Graphical illustration of the hexahedral control volumes applied to the microfluidic device for CFD simulation
(A4). Overview of the simulated flow profile on chip depicting a highly uniform flow profile within the central hydrogel chamber
as well as slightly higher flow rates at the corners of the hydrogel chamber (B). Workflow of the manufacturing process
employed for the fabrication of PDMS devices (C). Time-resolved flow profile in the microfluidic device depicting circadian
rhythms (D).
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SI Figure 2: Fontana Masson staining of sectioned midbrain organoids revealing intra- and extracellular neuromelanin
aggregates (4). Immunohistochemical staining of whole-mounted healthy hMOs cultivated under static culture conditions: TH
(red), GFAP (green), MAP2 (magenta), nuclei (blue) (B). Immunohistochemical staining of whole-mounted healthy hMOs
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cultivated under dynamic culture conditions: TH (ved), GFAP (green), MAP2 (magenta), nuclei (blue) (C).

SI Table 1: Comparative analysis of immunohistochemically stained D60 whole-mounted hMOs cultivated under static or
dynamic cultivation conditions respectively. Data was retrieved from three individual experiments.

#1 #2 #3 Average Dynamic/Static
Dynamic  |TH/MAP2 [Px/Px] | 0.26116279( 0.00420141| 0.02983644| 0.09840021
Static TH/MAP2 [Px/Px] | 0.13835968 9.8965E-05] 0.00260656( 0.04702174| 2.092653747
Dynamic  |GFAP [Px] 0.26116279( 0.00420141] 0.02983644| 0.09840021
Static GFAP [Px] 0.19976123| 0.00215019( 0.0162215( 0.07271097| 1.353306201
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SI Figure 3: Average growth-rates of healthy and 3xSNCA hMOs (n=8-10 from 3 individual organoid
batches) (A). Immunohistochemical staining of whole-mounted 3xSNCA hMOs cultivated under static
culture conditions: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (left panel).
Immunohistochemical staining of whole-mounted 3xSNCA hMOs cultivated under dynamic culture
conditions: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (right panel) (B). Representative
images of Lewy-body-like inclusions observed in 100 um-thick sections of 3xSNCA hMOs (C).
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SI Figure 4: Non-linear fit of oxygen sensor calibration curve on-chip (4). Recording of oxygen sensor calibration curve
using an O,-CO; controller (B). Dopamine calibration curve in PBS (n=6) and N2B27 (n=4) medium using a three-electrode
setup (C/D). Graphical representation of sensor stability over 50 measurements at a dopamine concentration of 5 uM in PBS
m=3) (E). Interference study of common interferents in neurobiology: 3,4-dihydroxyphenylacetic acid (DOPAC),
norepinephrine (NOR), levodopa (L-DOPA), epinephrine (EPI), serotonin (SER), ascorbic acid (AA), gamma-aminobutyric
acid (GABA) (n=3). Studies were conducted in PBS. Significances were tested using a Welch’s t-test *p<0.033, **p<0.002,
**4p<0.001 (F). Comparative analysis of 5 uM DA signals retrieved in phenol red and phenol red-free cell culture media
(n=3). Significances were tested using a Welch’s t-test *p<0.033, **p<0.002, ***p<0.001 (G). Tabular overview of the DA
sensor’s sensitivity and reproducibility (H).
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SI Figure 5: Time-resolved overview of 5kDA FITC transport into hMOs under static and dynamic culture conditions,
depicting improved transport under dynamic conditions (n=3) (4). Time-resolved overview of SkDA FITC transport out of
hMOs under static and dynamic culture conditions, depicting enhanced removal of the dextran under dynamic conditions
(n=3) (B). Immunohistochemical staining of whole-mounted 3xSNCA hMOs cultivated and treated with HP-f-CD under static
culture conditions: TH (red), GFAP (green), MAP2 (magenta), nuclei (blue) (top panel). Immunohistochemical staining of
whole-mounted 3xSNCA hMOs cultivated and treated with HP-f-CD under dynamic culture conditions: TH (rved), GFAP
(green), MAP?2 (magenta), nuclei (blue) (bottom panel) (C).
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SI Table 2: Overview of used antibodies and respective dilutions.

Target Protein Dilution | Sample Company Catalog Number | RRID

MAP2 1:200 ‘Whole-mount | Millipore MAB3418 AB 94856

MAP2 1:1000 Section Abcam ab92434 AB 2138147

GFAP 1:200 Whole-mount | Millipore AB5541 AB 177521

TH 1:200 Whole-mount | Santa Cruz sc-14007 AB 671397
1:1000 Section

TUJI 1:1000 Section Millipore AB9354 AB 570918

a-synuclein 1:1000 Section Novus NBP1-05194 n.a.

Biologicals

p-S129-0- 1:500 Section Cell Signalling 23706S n.a.

synuclein

TOM20 1:50 Section Santa Cruz sc-17764 AB 628381
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