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“The development of a new technique always precedes the great 
scientific discoveries”
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Summary 

Neurological disorders have an incidence of more than 90 million people worldwide, and despite 
the significant investment by public and private stakeholders, the attrition rate of neuroactive 
compounds is greater compared to other drugs. The traditional two-dimensional in vitro experi-
ments and animal models employed for the development of new therapies do not represent the 
complexity of the pathological human brain. Therefore, the results of these pre-clinical studies are 
difficult to translate to humans and do not predict the efficacy and safety outcomes during clinical 
studies. In addition, the intricate connection in the neuronal circuits is still not well understood, 
mainly due to the limited access to healthy and pathological samples from the nervous system.


In an effort to develop more predictive in vitro models, organ-on-chip technology emerged as a 
combination of microfluidics and three-dimensional (3D) culture techniques. By growing human-
derived neurons, these miniaturized models are foreseen to better recapitulate the brain physiolo-
gy, simulating in vitro its complexity at a structural and functional level, and consequently, provid-
ing more relevant models that ultimately might lead to more efficient drug discovery process.


Nevertheless, although the notable advance in the field, none of the current initiatives include 
the capability to capture the electrical activity of neurons growing in three-dimensions. To fill this 
gap, this project focuses on the development of a novel neuro-microphysiological device by the 
integration of microfabrication methods, electrode arrays, and 3D cell cultures to record and ima-
ge the 3D neuronal networks in vitro. For this effect, dissociated primary neurons are cultivated 
embedded in hydrogels to reconstruct the 3D scaffold and the cell distribution of the brain within 
a microfluidic platform that is gravity-driven perfused. Then, enhanced microelectrodes integrated 
into the device capture, in a non-invasive way, the activity from the free growing neurites of the 
neuronal circuit, monitoring the response to neuroactive compounds. Simultaneously, confocal 
microscopy allows the structural imaging of the 3D neuronal culture at high-resolution after the 
transduction with adeno-associated virus for the expression of fluorescent proteins or the immu-
nolabeling of the 3D culture. All of the aforementioned integrated into a multi-well format of twelve 
experiments to qualify the system for higher throughput studies associated with pre-clinical stu-
dies.


Overall, the new in vitro phenotypic platform developed and validated through this project has 
the potential to become a new standard in vitro technology in neuroscience for the recording and 
visualization of neuronal circuits in 3D. By ensuring a more physiological relevant modeling of 
neurological disorders in vitro, this technology will enable: the refinement of pathophysiological 
neuronal mechanisms studies, improvement of drug discovery processes, and reduction of the 
number of animal models in pre-clinical stages.
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Zusammenfassung 

Heutzutage treten neurologische Erkrankungen weltweit bei mehr als 90 Millionen Menschen auf. 
Trotz der erheblichen Investitionen öffentlicher und privater Skateholder ist die Versagesrate neu-
roaktiver Arzneimittel im Vergleich zu anderen Medikamenten höher. Der Grund dafür ist die Nut-
zung von traditionellen 2D-in-vitro-Experimente und Tiermodelle für die Entwicklung neuer Thera-
pien. Diese Modelle repräsentieren allerdings nicht die Komplexität des pathologischen menschli-
chen Gehirns und dementsprechend sind die Ergebnisse von präklinischen Studien schwer auf 
dem Menschen übertragbar. Demzufolge kann die Wirksamkeit und Toxizität der Medikamenten 
nicht vorausgesagt werden. Darüber hinaus ist das Verständnis des komplizierten neuronalen 
Netzwerkes immer noch unklar, vor allem aufgrund des begrenzten Zugangs zu gesunden und 
pathologischen Proben des Nervensystems.

In dem Bestreben, prädiktivere in-vitro-Modelle zu entwickeln, entstand die Organ-on-Chip-
Technologie als Kombination aus Mikrofluidik und 3D-Kulturtechniken. Durch die Züchtung von 
aus Menschen stammenden Neuronen, sollen diese miniaturisierten Modelle die Physiologie des 
Gehirns besser rekonstruieren, seine Komplexität in vitro auf struktureller und funktioneller Ebene 
simulieren und somit relevantere Modelle liefern, die letztlich zu einem effizienteren Prozess der 
Medikamentenentwicklung führen.

Trotz der großen Fortschritte in diesem Gebiet beinhaltet keine der aktuellen Initiativen die 
Fähigkeit, die elektrophysiologische Aktivität von 3D wachsenden Neuronen zu erfassen. Um die-
se Lücke zu füllen, fokussiert sich dieses Projekt auf die Entwicklung eines neuartigen neuro-mi-
krophysiologischen Systems, in dem Mikrofabrikationsmethoden, Elektrodenarrays und 3D-Zell-
kulturen integriert werden. Somit ist die Aktivitätsaufzeichnung von 3D- Neuronennetzwerke und 
deren 3D- Bildgebung möglich.

Um das dreidimensionale Gerüst und die Zellverteilung des Gehirns im mikrofluidischen Sys-
tem rekonstruieren zu können, werden dissoziierte primäre Neuronen in Hydrogele eingebettet, 
was die Enstehung eines 3D neuronalen Netzwerks ermöglicht. Daraufhin kann durch im Gerät 
integrierte nicht-invasie Mirkoelektroden die Neuronenktivität und die Wirkung verschiedener Arz-
neimittlen auf das geformte Nervennetzwerk untersucht werden. Zeitgleich erlaubt dieses System 
anhand konfokaler Mikroskopie die Bildgebung der lebenden Neuronen und deren Morphologie in 
höher Auflösung, wofür zuvor die Zellen mit AAV zur Expression von fluoreszierenden Proteinen 
transduziert werden. Zusätzlich können Zellen auch a posteriori mittles Immunzytochemie mar-
kiert werden.

Dieses in-vitro System, das im Rahmen des Projekts entwickelt und validiert wurde, hat durch 
seinem Multiwellformat und dessen Möglichkeit auf 12 unabhängigen parallel laufenden Experi-
menten, das Potential zu einem neuen in-vitro Standardmodell für die Aufzeichnung und Visuali-
sierung von 3D neuronalen Netzwerken zu werden. Durch die Gewährleistung einer physiologisch 
relevanteren Modellierung von neurologischen Krankheiten in vitro bedeutet diese Technologie: 
Verfeinerung der Studien pathophysiologischer neuronaler Mechanismen, Verbesserung der Pro-
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zesse zur Entdeckung von Medikamenten und Reduzierung der Anzahl von Tiermodellen in der 
präklinischen Phase.  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APTES 3-aminopropyltriethoxysilane
BBB blood-brain-barrier
CAD computer-aided design 
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Symbols 


 


∆Sm points of neurite membrane where the current intensity varies
Cdl capacitance [F]

d distance from source current to electrode
f frequency [Hz]

G’ shear modulus [Pa]
H0 statistic null hypothesis 
H1 statistic alternative hypothesis 

I current [A]
iTM current transmembrane [A]
kB Boltzman constant 
P probability of spike distribution in Poisson’s Surprise method

Pa pascal
r frequency rate [Hz]

R resistance [voltage /current]
Rct resistance to charge transfer in a Randles circuit

Rtunnel resistance of extracellular medium
Rtunnel resistance of the microtunnel

S surprise value calculated by Poisson’s Surprise method

𝑇 time period
T temperature
V voltage [V]

Vin internal voltage of neuronal membrane [V]
Vm membrane voltage of neuronal membrane [V]

Vnoise voltage noise of electrophysiological recordings
Vout external voltage of neuronal membrane [V]
ZW Warburg element

𝛼 statistical significance level. Probability of a type error I in statistical hypothesis tes-
tingβ probability of a type error II in statistical hypothesis testing

𝛿 noncentrality parameter
σ capacitance [F]
σn standard derivation of background noise 
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1. Introduction

The presented work is focused on the development and validation of a new microphysiological 
system for the study of three-dimensional (3D) neuronal circuits. The goal is not only the microfab-
rication of a novel platform but also the verification that neuronal cell cultures can be maintained 
in vitro and assessed for a long time. For this purpose, we combined multiple technologies: three-
dimensional cell culture of primary neurons, a microfluidic (MF) technique for the compartmental-
ization of the system, and microelectrode arrays (MEA) for the recording of extracellular electrical 
activity. The multidisciplinary character of this study supported, for the first time, the simultaneous 
morphological and functional assessment of 3D neuronal circuits in a single device.


The motivation for the production of this system is the envisioned generation of a more in vivo-
like platform that resembles brain neuronal networks and has higher predictability in toxicology 
and drug screening studies. Henceforth, characterizing the effects of compounds on neurons 
growing in 3D will finally become available for both basic and applied research in a format 
amenable to be further integrated into robotic/automated systems for higher throughput studies. 


This work was partially financed by Bundesministerium für Bildung und Forschung, BMBF 
(grant number 031L0061) for the development of alternative methods to animal experiments and, 
more recently, by a Baden-Württemberg Stiftung grant in collaboration with the Hertie Institute for 
Clinical Brain Research (HIH) in Tübingen (Baden-Württemberg Stiftung. Grant number: MIVT-7).


The thesis is explained and structured as described in the next lines:


At first, a description of basic concepts in neurophysiology is presented in order to better un-
derstand the striking points of the work. This includes an overview of the composition of the CNS 
and the transmission and generation of spontaneous electrical activity as well as a short summary 
of the main technological approaches employed in neurobiology.


Second, a short introduction to the concept of brain-on-chip is discussed as part of the gro-
wing technology of organs-on-chip. This comprises the reasons why such technology is beco-
ming more widely used and its limitations for the study of the central nervous systems (CNS).  


Third, state-of-the-art in vitro models for the study of the CNS are reviewed and classified ac-
cording to the cell type, cell culture, and experimental assessment technique employed. This is 
followed by a critical view of the main challenges faced by neuro-microphysiological systems and 
the limitations to overcome with the development of future platforms.


Next, Chapters 6, 7, and 8 present the results obtained in chronological order with the different 
microphysiological systems developed during this thesis, along with a description of the concepts 
introduced by each new device and a short discussion of the main achievements.


Finally, the next steps required for the complete validation of the system and its current limita-
tions are discussed, followed by future applications and the contextualization of such a new    
in vitro platform for drug development processes and personalized medicine research in combina-
tion with iPSCs.
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2. Background

The following section reviews fundamental aspects of neuronal physiology and the available tech-
niques to capture its morphology and electrical activity necessary to understand this project. This 
knowledge helps to contextualize and discuss more complicated technical aspects of the re-
search related to the neuronal networks.


The neurophysiology section aims to clarify the neuronal morphology and the functionality of 
the electrical transmission between cells. These basic concepts were summarized from two 
books that I considered essential in neurobiology [1, 2].


The paragraphs of techniques in neurobiology introduce current optical methods for assessing 
the morphological changes in neurons, as well as the actual electrophysiological approaches for 
exploring their electrical activity. The intention is to give a clear overview of the available neu-
rophysiological techniques considering the advantages and disadvantages of their use in a neuro-
microphysiological in vitro system.


2.1. Neurophysiology 
During the time of the ancient Greeks, the brain was theorized as a source of intelligence and dif-
ferent sensations. However, it was not until the development of microscopic and staining techni-
ques in the 19th century, when it was established that the brain, like other organs of the human 
body, was composed of individual units or cells. This "cellular theory of the CNS" proposed by the 
researchers Ramón y Cajal and Camillo Golgi was not confirmed until the 20th century when both 
received the Nobel Prize in Medicine for their discoveries. Later, Sherrington's work demonstrated 
that communication between neuronal cells was through electric transmission. 


Today, it is generally known that the brain is one of the main components of the CNS along 
with the spinal cord and that it acts as the central processing unit that receives and coordinates 
information by electric signals, controlling all the functions of the body. However, there are still 
many aspects related to the functionality of neuronal communication and its alterations in neuro-
nal diseases that remain unknown.


The two main types of cells in the brain are neurons, whose function is the electrical signaling, 
and glial cells that support and protect the neurons, and aid in their metabolism. The human brain 
has more than 100 billion neurons, and its primary communication function is reflected in their 
morphology and its complex structures for the synaptic contacts. 


There are two main cell compartments, the somatodendritic and the axonal compartment. In 
the somatodendritic part, dendrites, the central point for the afferent contact with other neurons, 
ramify from the neuronal soma. The protrusions where dendrites receive the input of other neu-
rons are called dendritic spines. These afferent signals are summed and integrated into the hi-
llock, the proximal somatic area. The number of afferent connections of a neuron varies from one  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to 100k depending on the neuronal function. The axonal compartment usually comprises a unique 
projection that can have multiple ramifications. Its function is the rapid conduction of the electrical 
signal by modulation of the electrical polarity of the plasma membrane and the transport of es-
sential proteins to the distal part of the axon. This region is called synaptic bouton or axon termi-
nal, and the neurotransmitters are encapsulated there for later release into the synaptic cleft [1]. 


There is a high heterogeneity of neurons, and they can be categorized according to their morp-
hology; the postsynaptic action (inhibitory, excitatory, or modulators); the type of neurotransmitter 
secreted; and the connectivity (interneuron or projection neuron).


Neurons have a membrane potential due to an asymmetric distribution of charges. There is a 
selective permeability of ions on opposite sides of the membrane. K+ has a higher concentration 
inside the neuron, whereas Ca2+, Na+, and Cl- in the extracellular region (Figure 2.1). The membra-
ne voltage is defined as the difference between the voltage of the internal and the external surface 
of the neuronal membrane (Vm = Vin - Vout) [3]. The resting membrane potential is about -70 mV, 
which means that the interior of the neuron has a negative voltage related to the exterior of 70 mV 
less than outside. When the neuron receives synaptic input from other neurons, the membrane 
depolarizes or hyperpolarizes, depending on the stimuli. If the integration of different signals at 
the axon hillock surpasses the threshold potential (usually -55 mV), the action potential is trigge-
red and the membrane abruptly depolarizes. 


The voltage-gated channels play a central role in the transmission of the action potential. With 
the increase of the membrane potential, the sodium channels at the hillock axon open, allowing 
the Na+ ions to enter into the cell, followed by the opening of voltage-gated potassium channels 
which have a slower kinetic response, permitting the K+ ions to flow to the extracellular space. 
The influx of Na+ channel increases the charge of the cell, depolarizing the membrane up to 
+40 mV. Then, in the highest point of the action potential, the Na+ channels close, and the K+ 
channels remain open. The continuous efflux of K+ ions decreases the membrane potential and 
hyperpolarizes the neuron until the voltage-gated K+ channels close (Figure 2.1).


The time window just after the action potential when both K+ and Na+ channels are inactivated, 
the neuron is hyperpolarized, and the ionic charges are decompensated, is called the refractory 
period. During this time, it is not possible to evoke another action potential [1]. Na+ and K+ ions 
are pumped again by the sodium-potassium pumps, restoring the membrane potential resting 
state. The duration of the refractory period is dependent on the type of neuron since it relies on 
the density and subtypes of K+ channels. The action potential spreads out along the axon, depo-
larizing adjacent areas of the membrane. This fact, together with the refractory period, ensures 
that the signal travels only in one direction, from soma to distal area of the axon. In summary, the 

action potential is a slight change of the resting potential of the neuron’s membrane of approxi-

mately 4 ms that goes from the soma to the axon terminal.


The action potential amplitude is independent of the amount of current that produces it. In ot-

her words, the action potential follows the “all-or-none” principle: if the amplitude or stimulating 
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frequency increases enough, multiple action potentials are produced. That means that the res-
ponse to a stimulating signal is codified by the frequency and not by the amplitude. 


 

FIGURE 2.1. BASIC CONCEPTS OF THE ELECTRICAL SIGNAL IN NEURONS. 
The table indicates the intra- and extracellular ions concentration (mM) in a mammalian neuron. The selective permeabi-
lity to these ions generates the membrane potential (-70 mV). A typical action potential is outlined with the role of the 
voltage-gated ion channels in the different phases. Lastly, the standard chemical synapsis process between a synaptic 
bouton and afferent dendritic spine is represented (created with biorender.com).


Once the action potential reaches the axon terminal, the electrical information is transmitted to 
the afferent neuron by the synapsis process. There are two types of synapses, chemical and elec-
trical, the most abundant in the CNS being the chemical synapsis. The space between the presy-
naptic terminal and the postsynaptic or afferent structure of the next neuron is denominated sy-
naptic cleft [2]. In a common chemical synapsis, the action potential that propagates through the 
axon reaches the synaptic bouton, depolarizing the membrane and opening the voltage-gated 
Ca2+ channels (Figure 2.1). The influx of Ca2+ induces synaptic vesicle encapsulated neurotrans-
mitters to fuse their membranes with the presynaptic cell membrane. The neurotransmitters dis-
perse within the synaptic cleft and bind to the receptor on the postsynaptic cell. The resulting 
response is a postsynaptic potential (PSP) that can depolarize or hyperpolarize the afferent neu-
ron, depending on the type of neurotransmitter and the receptor involved. If the transmitter       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depolarizes, then the afferent neuron is said to be excitatory (EPSP). If the transmitter hyperpo-
larizes, then it is inhibitory (IPSP). This complete process occurs in less than 1 ms [4].


The most common neurotransmitters are acetylcholine and the amino-acids: glutamate, glyci-

ne, and Ɣ-aminobutirato (GABA). Single neurons can produce more than one neurotransmitter 

and release vesicles with different neurotransmitters. All neurotransmitters have a local synthesis 
in the axon terminal except the neuropeptides, which are synthesized in the cell body [4].


In mature nervous systems, neurons interconnect with each other, forming several neuronal 
networks that have different firing patterns and rates. These circuits are the functional basis of 
different areas of the brain for learning, memory, decision making, and a significant number of ot-
her processes. The de-codification of the network activity is still a pending question for neuros-
cientists. An in-depth study of how these networks are formed, what their meaning is, and how 
they can be altered is essential to get to understand the functional behavior of the brain [5]. 


2.2. Techniques in neurobiology 
The extreme complexity of the brain is the main reason why most of the progress in neurobiology 
was achieved only with the significant technological advances from the last century. Modern neu-
roscientists now have hundreds of techniques that can be applied for the study of the CNS. Here, 
we only focus on the techniques designed for neurobiology. Other general molecular methods can 
also be applied to analyze the composition of the extracellular matrix or study the gene expres-
sion profile of a cell population or even from single cell types after sorting or enrichment. 


The whole-brain imaging techniques such as magnetic resonance imaging (MRI), computerized 
tomography (CTI), or cerebral angiography, allowed the structural study of brain anatomy. These 
techniques are commonly used in clinical neurology and offer an excellent comparative tool for 
discerning vascular problems in the brain or for the diagnosis and follow up of neuronal disorders. 
Functional brain imaging techniques like functional magnetic resonance, positron emission tomo-
graphy (PET), and electroencephalography (EEG), are used to observe how particular mental acti-
vity activates specific areas of the brain. These methods, however, cannot demonstrate a direct 
correlation between the external stimulus and the area of the brain activated, but rather explore 
specific structural patterns in the healthy brain and compare them against pathological conditions 
[6].


In addition to full brain monitoring, neuroscientists developed more specific approaches to fo-
cus on a single neuron or groups of neurons, simplifying the complexity of the neurocircuits. The 
structural and functional information gained from a specific brain region or neurons in culture can 
be correlated to the properties of the entire organ. Most in vitro systems employed in neurobio-
logy permit the monitoring at single neuron-resolution, revealing useful information that would be 
unfeasible to obtain from in vivo models. The following two sections describe the most frequent in 
vitro morphological and functional tools.
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2.2.1. Imaging techniques


Imaging technologies refer to methods that provide information about the structural features of 
the neurons. These include live imaging techniques or after tissue/neuron fixation in culture. To 
improve their visualization or enhance specific sub-cellular structures or cell types, the sample 
can be immunolabeled with antibodies or tracked by expressing fluorescent proteins under the 
influence of cell-type-specific promoters.


Regarding the functional readout, there are multiple indicators for Ca2+ that generate signals 
with the influx of this ion into the neurons and reflect changes in cellular activity. As explained 
above, one of the main influx of Ca2+ is produced during the chemical synapsis in the axon termi-
nal  [4]. Therefore, Ca2+ markers are commonly used in optical microscopy as a minimal-invasive 
tool to observe the neural activity in real time. This imaging technique allows for the activity visua-
lization of multiple neurons at the same time with a considerable spatial resolution by employing 
fluorescence, confocal, or two-photon microscopy. However, even with the most sensitive Ca2+ 
indicators and advance microscope systems, it is extremely complicated to capture the activity of 
highly scattered tissue or three-dimensional neuronal cultures simultaneously [7, 8]. Also, the time 
resolution of the fluorescence peaks captured is limited if compared to electrophysiological recor-
dings [9]. Additionally, it is essential to remember that Ca2+ is involved in other cellular functions. 
Besides the action potential, Ca2+ plays an important role as an intracellular second messenger in 
multiple processes, as signaling or synaptic plasticity [10]. Therefore, the Ca2+ dyes are just surro-
gate indicators of the electrical activity in neurons, and they cannot be considered as a direct 
measurement of the action potentials. 


Furthermore, optical techniques, in combination with genetically encoded light-gate ion chan-
nels linked to chromophores, can be used for manipulating neural activity. The resting potential of 
neurons expressing this type of channel, called channelrhodopsin, is altered by the illumination of 
the cell [6]. The stimulus with a specific wavelength induces a change in the channel conformation 
allowing the flow of ions through the membrane. That generates the depolarizing or hyperpolari-
zing of the neuron, depending on the type of channelrhodopsin expressed. This approach is 

known as optogenetics because light must stimulate (“opto-”) genetically encoded channels (“-

genetic”) that proceed from microbial opsins. The time resolution of the stimulus is milliseconds, 
and the main advantage is that the stimulation can be cell-specific if the channel is expressed un-
der a cell-type-specific promoter. However, the resolution of the illuminated field is restricted, and 
the targeting of one focus plane is not feasible, which implies a big limitation for the precise light 
activation of scattered tissues or in vitro 3D models [11, 12]. It is also noticeable that by optoge-
netics, the activity of the neurons is only modulated and, therefore, a complementary recording 
system is required to monitor the effect of that stimulation, as Ca2+ imaging or electrophysiologi-
cal techniques [13].
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2.2.2. Electrophysiological techniques


Electrophysiological techniques are employed to study the electrical properties of the neurons 
in vitro. The selective permeability of the neuronal membrane creates a constant resistance (R). 
When ions move across the membrane, they generate a measurable current (I). The neuronal 
membrane potential is based on the relation of these two concepts, resistance and current, and it 

is defined by the Ohm’s law: . This basic notion is fundamental to every electrophysiologi-
cal methodology [2].


Depending on the position of the recording electrode, the electrophysiological techniques can 
be categorized into three main types: patch-clamp, intracellular, and extracellular recordings. In 
the patch-clamp, the electrode is tightly coupled with the neuronal membrane. In the intracellular 
approach, the micro-electrode is located inside the neuron, and in the extracellular recordings, 
electrodes are just placed outside the cell [6]. Each technique is applied to address a different 
type of question. For example, the patch-clamp technique is appropriated for a more specific 
study about the opened and closed state of an ion-channel, while the extracellular recording is 
the most suitable technique for the recording of multiple neurons at the time. On the other hand, 
intracellular recordings detect small changes in the voltage of the neuronal membrane. This tech-
nique measures the difference of electrical potential between the intracellular electrode and the 
reference electrode located in the extracellular space. A sharp microelectrode is introduced into 
the neurons to measure the internal potential of neurons without damaging the cells. This ap-
proach was, in fact, the first electrophysiology method employed by Hodgkin and Huxley to study 
the membrane potential of the squid giant axon, which model was crucial to the understanding of 
the propagation of action potential in neurons [1]. However, today, most of the intracellular recor-
dings are done by patch-clamp, which has a higher signal-to-noise ratio and allows for the study 
of single ion channels.


The patch-clamp technique captures the electrical activity of single neurons by the aid of a 
glass micropipette. The distal part of the micropipette is in close contact with the membrane so 
that the ions cannot flow between the pipette and the membrane. There are four varieties of patch 
clamping according to the pipette location and the area of the plasma membrane assessed. In the 
whole-patch clamp, the pipette is continuous to the cell membrane, and the current and potential 
measures correspond to the whole neuron. In the cell-attached mode, the pipette is tightly atta-
ched to a small portion of the membrane, and it measures the current changes when an ion chan-
nel is opened. In the other two modalities, a small portion of the membrane is disrupted, and the 
current of single channels is captured.


Likewise, intracellular recordings and patch-clamp can be defined as voltage clamp or current 
clamp. By voltage clamp, the microelectrode sets the cell potential to a specific voltage measu-
ring the current that is generated by the movement of the ions. In the current clamp, the membra-
ne voltage is free to change, and a current is applied by the recording electrode to measure the 
stimulation effect [6]. The main advantage of the intracellular recordings and patch-clamp is the 
detailed information about single-channel mechanisms and the neuron voltage changes. However, 

V = IR
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it requires the development of fine metal needles and micropipettes that are laborious and com-
plicated to place on neurons [14]. This dramatically limits the recordings to a small number of neu-
rons per experiment and restricts the possibility of performing simultaneous recordings of multiple 
neurons.


In contrast, to understand the dynamics and plasticity of the neuronal circuits, it is essential to 
capture the activity of multiple neurons simultaneously by extracellular recordings. The rapid 
change of the neuronal membrane voltage during a spike is also measurable by external electro-
des located closely to the neuronal surface. The recorded signals are estimated by the difference 
between the potentials captured by the electrode tip and the reference electrode, which is immer-
sed in the same solution as the neuron. Grids of individual microelectrodes for extracellular recor-
dings can be arranged in micro-electrode arrays (MEAs). These types of chips have been used in 
over 40 years ago to capture the electrical activity of neurons of a brain slice or a dissociated cul-
ture [15, 16]. The pin of the electrode can record the action potential from the neuronal soma loca-
ted tightly to the electrode. The number of electrodes in the MEA can variate from 1 to hundreds 
and allows the recording and electrical stimulation of multiple neurons at the same time. The sig-
nals captured by the external electrodes vary according to the soma-electrode distance and the 
strength of the signal. The results are multiple spikes with different wave shapes that, after post-
processing, can be assigned to different neurons or networks [6].


When the activity of multiple neurons is recorded at the time, the interneuronal connections 
can be studied, addressing questions about their connectivity and synchronicity. Even more, the 
MEA recording of multiple neurons brings the opportunity to study the formation of neuronal net-
works and their spatiotemporal properties [5]. Also, the technical advantage of this approach 
compared to patch-clamp, is that the electrodes are already integrated into a substrate and do 
not require fine electrode positioning. Therefore, the electrical recording is more straightforward 
and provides the possibility to do multiple experiments and increase the productivity of the re-
search. Furthermore, the recording is non-invasive and can be repeated several times on the 
same sample to analyze the development and maturation of electrical activity.


It is noticeable that the electrical information is different from the internal recordings since only 
action potentials are captured, and due to the location of the electrode, the waveform of the sig-
nal captured scales in µV instead of mV [17]. 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Organ-on-chip (OoC) is defined by the experts of the Organ-on-Chip in Development (ORCHID) 

European Project as “a fit-for-purpose microfluidic device, containing living engineered organ 

substructures in a controlled microenvironment, that recapitulates one or more aspects of the or-

gan’s dynamics, functionality and (patho)physiological response in vivo under real-time monito-

ring” [18]. This microfluidic culture technology, also called microphysiological system, is develo-
ping fast, with the active support of federal institutions and pharmaceutical companies for the 
creation of more predictive in vitro models and the reduction of the attrition rates in drug deve-
lopment.


The fundamental idea of this technique is to emulate in vitro the physiology of a specific organ 
with human cells and sophisticated 3D micro-architectures that resembles the in vivo situation. 
Including these more relevant models might benefit biological research and pharmaceutical indus-
try since it entails higher complexity models with more realistic physiological mechanisms [19]. 
Indeed, OoC technology is already perceived as the translational connection between pre-clinical 
studies and human trials in drug development [20]. The pharmaceutical companies estimate re-
search and development (R&D) costs for each new approved molecular entity (NME) to be bet-
ween 660 and more than $2 billion, within a work frame of more than 10 years [21, 22]. The adop-
tion of new OoC technologies is expected to impact in the next five years, reducing the total cost 
from 10 to 26 %. This cutback will be mainly in the pre-clinical studies, but also will increase the 
success rate of Phase I and II up to 10 %. Furthermore, the cycle time in the early phases will 
drop by 20 % [23]. 


In brief, validated OoC systems are expected to help in the understanding of complicated phy-
siological mechanisms in vitro and to improve the actual R&D processes with a more systematic 
approach to test compounds. On top of this, these in vitro methods may promote the replace-
ment, reduction, and refinement (3Rs principle) of low relevant animal models in the pre-clinical 
studies and basic research experimentation [24]. 


3.1.Brain-on-chip 
Brain on chips are defined as promising microphysiological systems to better model the brain or 
reproduce specific physiological features of the in vivo nervous system. Their primary intent is to 
recapitulate the physiological and pathological processes of the neurons in vitro with  high realism 
for their application in neurological disease modeling and compound testing [25]. In the last years 
numerous microphysiological initiatives emulating the nervous system have been developed; and 
the number of patents and scientific publications is greater when comparing to OoC focused in 
other tissue types [24].   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In the pharmaceutical development process, a large percentage of costs is attributed to toxi-
city and efficacy failures during the pre-clinical studies. Compounds targeting the CNS have hig-
her attrition rates, increasing the price of production and pre-clinical testings [26]. Additionally, 
several new drugs are withdrawn during the toxicity screening because of their CNS side effects 
[27]. Currently, the CNS drug market is forecasted to be $103 billion for 2022, due to FDA and 
EMEA regulatory modifications to foment the production of neuroactive compounds [28]. Moreo-
ver, the global elderly population is predicted to double in the following 30 years [29], raising the 

incidence of Parkinson’s, Alzheimer’s, and other mental disorders, and leading to a stronger de-

mand of new therapeutics for central nervous disorders [30]. 


On the other hand, the traditional models used in pharmaceutical neuroscience, like behavior 
or  in vivo animal models, are informative but do not explain the biochemical interaction of the 
compounds and the pharmacodynamics  [31, 32]. Moreover, the classical 2D in vitro models are 
limited in representing the in vivo complexity of the neuronal circuits, restricted to a monolayer 
interconnection of the neurons [33, 34]. Contrary, the 3D  in vitro models without an electrical 
readout can help to simulate the structural physiology of the neuronal system and disclose the 
functional effects of compounds but with low electrical sensitivity, specificity, and time resolution 
compared to electrophysiological techniques [35]. Therefore, there are potential opportunities in 
the neurological disorders drug market and an imperative need for new in vitro tools more physio-
logically relevant that contains the electrical reading of the neurons. These potential systems will 
grant a better understanding of neuronal disease etiology, a more predictive model for drug effi-
cacy and toxicity, and, ultimately, the possibility of generating personalized medicine in combina-
tion with the iPSCs technology.


Toward this aim, during this thesis, we developed and validated a novel neuro-microphysiolo-
gical system in line with the OoC principles [36]. The main goal was to generate a 3D system of 
neurons with integrated microelectrodes, to capture the electrical activity, and into MF structures 
compatible with optical microscopy. In this way, the neuronal circuits can be simultaneously as-
sessed functionally and morphologically. This new in vitro system included a novel approach for 
the recording of 3D in vitro neurons, which was patented and validated through this thesis, and it 
filled the gap toward functional readouts of 3D neuronal networks. Currently, there is no compara-
ble in vitro platform in neuroscience, which compiles the growth of neurons in 3D, the high effi-
cient electrophysiological recordings, and the visualization of neuronal architecture in one single 
device.
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OoCs targeting the CNS should be capable of mimicking the in vivo neuronal environment and 
being compatible with at least one technique for neurobiology to assess the physiology of the 
neuronal culture. Toxicology and drug screening studies aim to predict the effect on the CNS be-
fore the clinical phases; therefore, the neuronal model should be robust, reproducible, and predic-
table for its successful application in R&D processes.


In the following sections, the latest in vitro neuro-microphysiological approaches are reviewed 
according to neuronal source type, cell culture system, and technical approach utilized. Additio-
nally, Table 4.1 categorizes the three-dimensional models discussed in an easy-to-follow format. 


4.1. Neuronal cell type 
Even though animal behavior experiments are considered for initial safety pharma studies,  in 
vitro  platforms are preferred for more detailed analysis of the neuronal culture [37]. Also,  in 
vivo models entail a labor-intensive, ethical concern and are time-consuming, which is not com-
patible with large-scale studies. The type of neuronal sample employed in the different microphy-
siological systems available varies depending on the research goal.


In most cases, in vitro neuronal cells are derived from experimental animals. Primary cell cultu-
res can systematically be prepared from multiple areas of the CNS; however, translation to the 
human condition must be pre-considered as well as possible intra-species differences. Primary 
neuronal cultures derived from rodents are the mainstay in neuroscience [34, 38-42]. This mam-
malian model is the most accessible and has neuroanatomy similar to humans (genetic similarity 
85%) [43]. Nevertheless, the rodent's CNS has a lower level of complexity and does not fully re-
capitulate all the properties of human neuronal circuits. Moreover, more genetically similar sam-
ples to humans like primates are challenging to obtain because of ethical and logistical considera-
tions. Overall, the main advantage of primary neuronal cultures is their capacity to retain much of 
the in vivo properties in vitro, like morphology, capacity to form networks by spontaneous synap-
sis, or the neuron-glia interactions. Naturally, the quality and the prediction capacity of these neu-
ronal systems depends on the culture format and conditions but usually can be maintained for 
weeks.


Immortalized neuronal cell lines are an alternative culture introduced through the discovery of 
senescence gene regulation. There are several methods to generate these cells, and imply a gene 
mutation to maintain the regenerative potential of the cells. However, the expression modification 
frequently entails the alteration of the neuronal properties, such as, the capacity to fire sponta-
neous action potentials, form networks, or even the neuronal morphological architecture. 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Another option is the neuronal human stem cells, which have a self-renewal potential and can be 
differentiated into various neuronal lineages. This type of cell culture usually preserves the capabi-
lity to form different types of synapses, conserving the conformation of the  in vivo neurons [44]. 
However, it implies several ethical concerns that limit their accessibility. 


Alternatively, the human-induced pluripotent stem cells (iPSCs) can be employed to generate 
mature neuronal cultures from reprogrammed adult fibroblasts. The major advantage is that the 
generated neurons conserve the genetic information of the patient; hence, they can be used to 
closely model a human neuronal disorder in vitro [45-51]. Nonetheless, the iPSCs lines not always 
preserve all neuronal capabilities and vary as a function of the differentiation method employed. 
Also, compared to primary neurons, reprogrammed cells do not always present the intra-cell type 
heterogeneity in terms of genetic and protein variability [52].


Lastly, it is noteworthy to mention that all these in vitro cultures can be late genetically modified 
by viral transduction with adeno-associated virus or lentivirus for the expression of a particular 
protein or the generation of a disease model. Likewise, different cell types as astrocytes, micro-
glia, and endothelial cells, can be combined to mimic the multi-cellular composition of the CNS 
[53, 54].


4.2. Neuronal cell culture system 
In vitro models ensure higher throughput and lower experimental variation than in vivo models. 
Sometimes, however, they are too simplistic and lead to biased results and wrong conclusions 
since they do not include an extracellular matrix and do not emulate the blood perfusion system. 
For that reason, 3D culture techniques have been developed in the last 10 years to recreate the in 
vivo physiology of the tissue better. 


2D classical cell models are widespread and well established for neuronal cultures. There is 
extensive literature about 2D neuronal cultures [13, 34, 38, 55, 56]. These monolayer models are 
inexpensive and, most importantly, have more accessible and simpler experimental analysis and 
readings of the neurons compared to 3D models. Despite these advantages, 2D cell cultures are 
based on neurons attached to rigid surfaces, which do not come close to representing the real 
environment of neurons in the brain. Neurites spread in two dimensions, limit the interaction bet-
ween neurons and glial cells, and the cell bodies have a flattened morphology, utterly different 
from the rounded shape in three-dimensional cultures [57]. Moreover, the lack of extracellular ma-
trix (ECM) means depletion of growth factors produced by neurons and glia and continuous wa-
shing of the exuded waste with each media change [45,  58]. Additionally, numerous studies de-
monstrated that the gene expression and spontaneous electrical activity differ from the neurons in 
3D models [49, 58-62].


3D neuronal models represent the next level of cell culture complexity and are progressively 
being incorporated into multiple research studies. The reasons for this acceptance are multiple. 
First, they are more physiologically relevant models with complex architectures where cells can 
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interact in all dimensions, as in the real brain. Second, there is flow integration for the perfusion of 
the system. Ultimately, the structure of an ECM allows for the assembly of barriers to recreate dif-
ferent brain environments [57]. Therefore, 3D models simulate the CNS more realistically [63].


The 3D cultures can be categorized according to the scaffold employed to create the ECM and 
the distribution of the neurons on it. Brain organoids are neuronal stem cell-derived, self-organi-
zed in 3D, which are commonly embedded with hydrogel [7, 64]. Neurospheres are free-floated 
differentiated neurons aggregated in clusters that may or may not be surrounded by an ECM [39,  
65]. Alternatively, 3D models can be created by neurons suspended and distributed in a hydrogel 
or scaffold. This is the most extended approach, probably because of its compatibility with multi-
ple technical analyses and the control over the number of neurons and growth (Table 4.1).  


One of the principal problems of 3D models is the homogenized diffusion transport of oxygen 
and essential nutrients through the whole system. That is a common problem in compact structu-
res as neurospheres, where the core of the system is deprived of perfusion, which generates alte-
rations in viability. Another frequent limitation is the depth-resolution of the assessment methods 
that hinder the monitoring of neurons located in the inner regions of the 3D model, limiting the 
analysis to the surface areas.


Finally, acute brain slices are the most accurate in vitro option that resembles the in vivo situa-
tion. Nonetheless, it implies damaging of the tissue during the cutting process and has short via-
bility, of a few hours after preparing the slices [66, 67].


4.3. Technical approach 
The technical approach refers to the type of microfluidic system employed, if any, and the method 
to assess the neuro-microphysiological system. 


The microfluidic (MF) are micro-engineered devices with domains of hundreds of microns for 
the cultivation and assessment of cells. This culture technique already has more than 20 years of 
application [68]. The cell culture is under constant perfusion, and the function and morphology of 
cells can be evaluated at higher specificity and resolution after the application of different com-
pounds. The materials and methods for its fabrication vary. Currently, the vast majority of systems 
are produced by polydimethylsiloxane (PDMS) by soft-lithography (Table 4.1). This silicone is 
highly flexible, transparent, and air-permeable and allows optical imaging at high-resolution. Ho-
wever, PDMS chips are not reusable and are not compatible with the application of some hydrop-
hobic compounds. A more detailed discussion about this and other materials for the MF produc-
tion can be found in the introduction section of the following chapters, with the subsequent MFs 
developed during this thesis (see sections 6.1, 7.1, and 8.1).


Likewise, the MF design can have multiple compartments for the isolation of different neuronal 
segments or the separation of neuronal cell populations. The MF layout is commonly sketched in 
accordance to the neuronal physiological aspect of interest and the evaluation technique. In a 
two-compartment MF chip connected by microtunnels and neurons seeded in one side, axonal 
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transport can be studied [11], as well as unidirectional axonal growth [41, 55, 69], action potential 
propagation [34] or axonal regeneration and injury [33]. When two cell types are co-cultured to-
gether in the same MF chip but in different compartments, for example combining neurons and 
glia, the functional and morphological effect of glial cells on the neuronal circuits can be analyzed 
exhaustively [13, 35, 40, 50]. In addition, in comparison with traditional 2D cell cultures and 3D 
organoids, the MF technique has the advantage of requiring a low amount of cells and medium.


During the development of a new microphysiological system, the selection of the technique to 
evaluate the neuronal circuits prevails over the MF format and the type of cell culture, which can 
be adapted to the requirements of the readout approach. That is, the brain-on-chip is commonly 
structured in consonance to the available methods for the study of the neurons. The only excep-
tion occurs when the cell culture disease model restricts the MF and the technology, as for exam-
ple, in the Lancaster et al. group, where neuronal organoids of up to 4 mm size are employed for 
the study of the microencephaly and human brain development [7]. In this case, the MF format is 
adapted to the cell culture technique.


As previously discussed in the measurement techniques for neurobiology (Section 2.2), captu-
ring the electrical activity should be a requisite for the development of an ideal neuro-microphy-
siological device. However,  most of the systems currently rely on imaging methods due to the 
complexity of recording from 3D circuits [70]. Live confocal imaging assesses the viability and 
growth of neurons in classical 2D and 3D models. Likewise, immunocytochemistry protocols 
commonly performed on brain slices and one layer cultures have also been adapted for thick 
samples as organoids or hydrogels of hundreds of microns [71, 72]. Nonetheless, visualized sec-
tion and its resolution depends on the microscopy technique and system thickness, and more 
sophisticated approaches could be required to quantify the labeled structures.


One-third of the published initiatives employ calcium markers for the monitoring of the electri-
cal activity (Table 4.1) since the Ca2+ markers are easily expressed, and there is no need for addi-
tional equipment besides the live confocal imaging. Nevertheless, in scattered 3D systems, the 
Ca2+ recordings are restricted to the neurons located in the same focal plane and the depth reso-
lution of the microscope technique, and rely on surrogate markers of the electrical activity.


Regarding the electrophysiological approaches, patch-clamp is considered the gold standard 
technique to assess the drug effect on the ion channel functionally, and the subsequent change of 
the neuronal membrane potential in the early drug screening process [73]; however, it has a low 
throughput of 10 data points/day, and relies on highly qualified experts. Automated patch-clamp 
increases the throughput 10 to 1000 times more, and is preferred in larger safety and toxicology 
tests and advance studies [74]. Although it is a sophisticated technique to be applied in 3D cultu-
res, the high content information about the drug effect on the voltage-gated and ligand-gated 
channels makes the effort worthwhile. There are examples of patch-clamp in neurons suspended 
in hydrogel [14, 59], in organoids [75], and even in organoids slices [76], to facilitate the access to 
neurons of the inner zone. Nevertheless, in most cases, patch-clamp is performed for a punctual 
study of neuronal activity, and its repetition in a high-performance format is practically unfeasible.
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4.  State of the art 


On the other hand, the MEA technology is perfectly compatible with brain-on-chip models and 
can be customized according to the MF format or the cell culture system. The multiple microelec-
trodes integrated into the substrate record simultaneously from different areas of the 3D system 
facilitating the study of neuronal networks. Moreover, its adaptability to a high-throughput format 
and user-friendliness guarantees multiple recordings in a single day. However, the electrodes only 
capture the extracellular activity of neuronal bodies settled on the electrode tip. Otherwise, inte-
grated microelectrodes cannot record the extracellular action potential and the signal generated 
through the neuronal membrane surface diffuses into the surrounding electrolyte. At the moment, 
most of the microphysiological devices that combine the MEA technology with 3D cell cultures, 
capture the activity of neurons attached to the bottom surface, which is even sometimes coated 
to promote the successful recording [47, 77-79]. One recent work, based on a 3DMEA, demons-
trated the possibility of recording non-adherent neurons by lifting the electrode array probes into a 
vertical position but with a low percentage of active electrodes [80]. Up to now, there is no publis-
hed technique to capture the activity of a freely 3D neuronal network by external non-invasive mi-
croelectrodes with a high recording efficiency.


Complementary molecular studies can be applied if neurons are extracted from the microphy-
siological system by the degradation of the scaffold or the hydrogel. The variety of analysis is as 
wide as for classical cell cultures in vitro. Western-blot, RT-PCR, and flow cytometry are the most 
common techniques. Mass-spectrometry (MS) is employed to determine the composition of the 
ECM, the metabolic state of the neurons by metabolic flux technique, and the presence of speci-
fic proteins in the extracellular area. In fact, MS analysis has a great potential of finding biomar-
kers in disease 3D modeling and in toxicity tests after the application of compounds [48, 49].


16





TABLE 4.1. SUMMARY OF CURRENT NEURO-MICROPHYSIOLOGICAL SYSTEMS.  
The table compiles information found in literature about all the available brain-on-chips initiatives with 3D cell culture of 
neurons classified by cell culture system and the scaffold employed [7, 8, 11, 14, 35, 39, 40, 45, 47-51, 53, 54, 59, 65, 
71, 72, 75-93].


	 	 17



5. Challenges to be faced by novel brain-on-chips

The brain-on-chips are in vitro tools for the evaluation of neuronal cultures and the assessment of 
their response to neuroactive compounds. In order to be adopted by the scientists and biotech-
nology community, these devices should be as straightforward as established technologies and 
fulfill the minimum characteristics that classical 2D models have while generating more convincing 
data and at least the same amount and quality of results. 


5.1. Drug development failure  
As already mentioned in the introductory section of OoC, one of the main drivers for the manufac-
ture of these systems is the high demand for more relevant in vitro models in the drug develop-
ment process. However, prior to the design of an ideal brain-on-chip with higher efficiency that 
pre-existing in vitro models, it is noteworthy to understand the drug development attrition rates 
and the expected influence of more predictive in vitro models. If the required features are imple-
mented, the integration of these neuro-microphysiological systems might be encouraged, benefi-
ting the preclinical-clinical transition and facilitating the production of new compounds.


The drug development process starts with the analysis of a candidate compound, identified 
during the drug discovery stages, and ends with the commercialization of a pharmaceutical drug. 
It includes pre-clinical screenings with animal models and in vitro experiments, to qualify the 
compound, and posterior clinical trials with a sequential growing number of patients and healthy 
volunteers to test aspects as kinetics, tolerance, safety, and efficacy of the NME [27]. The main 
two causes of failure are the lack of efficacy and safety problems in clinical stages. The efficacy 
failure is the inability to demonstrate a significant result, whereas safety refers to the adverse ef-
fects of the pharmaceutical drug  [94].  


Despite the advances in scientific and technological knowledge during the last 60 years, the 
number of approved NME per billion invested in R&D has been steadily declining. This trend is 
denominated "Euroom's Law" and indicates a decrease of half of approved NME per US billion 
expended every 9 years [95]. The causes are multiple, but the limited understanding of the current 
biological system plays an important role in this lack of productivity. During the human clinical 
trials, there is only a NME success rate of 10% in the Phase I [26]. There is no other business 
market that has such a high failure rate. In this phase, the drug inefficacy is primarily attributed to 
safety (50%). However, in Phase II and III, the failure (75%) is due to safety and efficacy problems 
[94]. Probably, the toxicity effect in early stages forces to reduce the dose, interfering in the effect 
of the compound [19]. 


CNS drugs have even lower success rates along with cardiovascular drugs. For the neuro-
compounds, the probability of launching Phase I, II, or III, is the lowest compared to other disor-
ders [26]. Furthermore, the high incidence of CNS side effect of compounds targeting other hu-
man disorders led to the adoption of the International Conference of Harmonization (ICH) S7A  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guidelines (FDA, 2001), which states that for the acceptance of NME, additional safety tests must 
control the side effects in the CNS. Even though, several NMEs are still withdrawn for their detri-
mental effect in the CNS [73]. 


In addition, the prevalence of neurodegenerative diseases is expected to increase in our aging 
society, and despite the continuous public and private investment, most of these disorders still 
lack an effective cure or treatment [30].


Therefore, the high failure rates and lack of treatment for multiple neuronal disorders motivated 
the interest for new in vitro CNS systems that better forecast the effect in the clinical studies. The 
toxicity and safety pharmacological tests require predictive CNS models to observe the off-tar-
gets of the different drugs and to reduce the attrition rate of neuro-compounds. Undoubtedly, the 
electrophysiological analysis is a fundamental feature in these platforms to examine the drug 
reaction from the ion-channel level to the neuronal network. Moreover, high-throughput and suita-
bility with automated techniques increase the value of these neural models, as it broadens the 
scope of the results, ensuring a high efficiency. Additionally, to make the system reliable for safety 
and toxicology studies, the experiments are expected to be highly reproducible.





FIGURE 5.1. IMPACT OF OOC ON THE CURRENT DRUG PROCESS PARADIGM. 
The use of OoC is expected to reduce more than 10% of the cost in drug discovery and lead optimization stages, pre-
clinical phases, and phase II. Also, there is a foreseen impact on the invested time, decreasing to 8-11 years the time 
needed for the fabrication of new drugs. This chart indicates the number of compounds (blue), cost per compound 
(red), and throughput (yellow) of the different phases in the drug development [21, 22]. In purple is represented the pre-
dicted impact due to the integration of OoC [23]. 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The envisioned effect of the OoC technology into the drug discovery and development processes 
is already forecasted, improving the production of new compounds by bridging the gap between 
the pre-clinical and human trials [23]. Figure 5.1 illustrates an approximate time course and cost 
profile of the drug development and the estimated impact of OoC on the costs and the production 
time.


Furthermore, current clinical studies anticipate the variability response of the population to a 
drug without considering the factors that can contribute to the effectiveness of the compound, 
such as gender, genetic background, or epigenetic modifications. The combination of more pre-
dictive and higher throughput  in vitro models with human-derived cells will allow a more specific 
study of these factors on the compound effect and even the progression of personalized medici-
ne, where the drug effect is analyzed at a single person level  [94, 96].


5.2. Requirements for novel brain-on-chip development 
Despite the complexity of the brain and the challenge of new MF microfabrication, actual 3D mi-
crophysiological systems already contextualize the real brain in some aspects like the number of 
cells, architecture, or combination of different cell types (Table 4.1). However, in most cases, they 
lack in vivo components as blood flow, waste removal system, and immune or hormonal respon-
se. Nevertheless, before pursuing the ideal prospect of a complete brain in vitro system, resear-
chers must face other challenges to make current systems more productive and predictable of the 
brain physiology even if they rely only on neuronal culture.


The European Organ on Chip Society (EuroOoC) highlighted some recommendations for the 
production and validation of OoC that are applicable to the 3D neuronal models. This consortium 
agreed that the newly developed OoC should contain technical and biological modules flexible to 
different applications, and recommended high-throughput devices with scalable and automated 
potential. The cell culture should be monitored in a multi-parametric way, promoting the growth of 
human-derived cells, sustaining long-term measurements, and employing generic and standardi-
zed technologies adaptable for new lab users [36]. Currently, the majority of the 3D microphysio-
logical systems cited in the previous section do not fulfill most of these conditions. The only de-
sign that closely meets the 3D brain-on-chip requirements is the OrganoPlate® published by the 
Mimetas company and the University of Leiden [35]. Still, this system does not capture the elec-
trical activity of the neurons more than with surrogate indicators like Ca2+ markers, limiting the as-
sessment of neuronal circuits to imaging and molecular technologies.


From our perspective, the ideal strategy for the development of the required neuro-microphy-
siological system should fulfill and overcome the following challenges:


First, the microenvironmental 3D cell culture must be controlled by the use of chemical factors 
or the confinement of the cells structured into microfluidic systems. Together with a continuous 
and homogeneous supply of nutrients, this will ensure a higher reproducibility of the cell culture 
and the possibility to increase the number of parallel experiments [20]. 
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Second, the in vitro platform should support the growth of human-derived neurons to promote 
the recapitulation of neurological disorders. 


Third, the new system should demonstrate reproducibility within replicates of the same expe-
riment and between different manufactured devices. A proposed strategy is the repetition of simi-
lar experiments by an external laboratory that proved that variability is acceptable for universal 
usability [36]. Moreover, the variability in cell number, neuro-organoid size, or functional activity 
must be considered and decreased. A high variability may reduce its application in disease mode-
ling and drug screening experiments. The automated control of the culturing, medium change, or 
drug application can help to overcome the manual variability, especially in complicated 3D cultu-
res where the culture requires high skilled expertise.


Fourth, the high-throughput manipulation and analysis of the system is an advantage over 
simpler platforms. The benefit of using microfluidic systems is that the number of experiments 
can easily be increased by microfabrication. This capability can help to reduce the variability in 
high-screening studies repeating the same experiment several times on the same platform. Addi-
tionally, the layout format would ideally fit with the standard multi-well plates used in the laborato-
ries of 96 or 384 wells, making the platform compatible with automated systems.


Finally, the 3D culture must be analyzed by different approaches. Neurons are highly plastic 
cells and cannot only be studied morphologically. Changes in electrical activity are an indispen-
sable feature to include in studies of neurological disorders or neurotoxicity experiments. Therefo-
re, the ideal neuro-microphysiological system must have a multidisciplinary approach that exami-
nes neuronal circuits with various approaches at the functional, morphological, and molecular le-
vels. 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6. The ABC’s of functional and morphological eva-
luation of 3D neuronal networks


6.1. Introduction 
Currently, there is no method to directly capture the excitability of neurons cultivated in 3D without 
altering the physiology of the neuronal circuits and their intra-architecture [80]. The main reason is 
the technological challenge for recording the rapid membrane potential changes of neurons em-
bedded in a scaffold and located at microns of distance from the electrodes. 


To solve this problem, a new approach different from the available technologies, like needle 
microelectrodes or 3D arrays, has been established in this project. The innovation of this techni-
que relies on the distance reduction between the electrode and the surface of the neuron.  This is 
achieved by having individual neurites growing through long microtunnels that connect two diffe-
rent compartments of a MF chip [97] (Figure 6.1).  


In the classical MEA recording, the electrodes capture electrical changes of high magnitude 
from the tightly coupled neuronal somas (Figure 6.1.A) [16, 17]. In the 2D experiments with micro-
tunnels, the sealing resistance increases, allowing the recording of electrical impulses with a lower 
amplitude that travel down through the neurites [98]. The question that is answered with the mi-
crotunnels in the 3D cultures is whether the activity of unattached neurites is also captured, as the 
distance between the electrode and the neurite is greater than in classical 2D cultures (Figure 
6.1.C).





FIGURE 6.1. ILLUSTRATION OF THE NEURITE-BASED RECORDING APPROACH. 
A. Microelectrode with a neuron adhered to the substrate. High seal resistance between the soma membrane and the 
electrode. B. Neuron growing freely in 3D and far away from the electrode integrated into the glass-substrate. The elec-
trode cannot capture the electrical change of the neuronal membrane. C. Electrode integrated into a microtunnel that 
increases the seal resistance. Neurite grows through the microtunnel, and the electrical activity of action potential trave-
ling through the neurite is captured. Source: illustration made by Dr. Peter D. Jones for the patent application [97].
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The envisioned advantage of this approach over the 3D arrays is that the spontaneous growth of 
neurites through microtunnels ensures the capture of electrical activity and does not rely on the 
arbitrary position of the cell body in the 3D space [66, 80]. Also, contrary to the inserted external 
electrode technique, the recording is not invasive and does not alter the neuronal circuit physio-
logy, enabling repetitive measurements in the same culture [14].


The goal of enhanced MEA with microtunnels is to obtain a good signal-to-noise ratio (SNR). 
The noise is constant and primarily thermal, like in the uncovered electrodes, and can be descri-
bed by the following equation, where the kB is the Boltzman constant, T is the culture temperature, 
R is the electrode resistance, and f is the frequency bandwidth (1) [17].


The external electrode has to capture the electric potential field occurring in the volume exte-
rior to the cell with a determinate conductivity σ. The Vout signal amplitude is smaller compared to 
the Vin due to the low resistivity of the external fluid (high σ) and the large volume around the neu-
ron, and depends on the distance, r, to the source of current, I. Therefore, assuming one point of 
source and the radiation flow of the current, the Vout can be defined by the following formula [99]:


where Vout is the extracellular potential, I the current of the signal, and r the distance from the 
source to the electrode. However, the electrodes integrated into tunnels might capture the activity 
that corresponds to multiple membrane points where the neurite voltage change during the action 
potential. In this case, the  Vout  is defined by Humphrey and Schmidt as:


where the ∆Sm is the differential points of the surface neurite membrane over the current intensity, 

Im , differs [99]. From an electrical point of view and assuming a standard current of the signal,  the 

amplitude of the Vout can be increased by an additional resistance in the conductive extracellular 
area and reducing the distance between the electrode and the neurite membrane. One proposed 
way, already demonstrated by a computational model, is confining the axons into small channels 
[3]. The Vout gets amplified with the additional seal resistance exerted by the tunnel, and the signal 
captured is dependent on the cross-section of the channel.	 


As shown in Figure 6.2, this is the approach implemented in classical MEA, where the electrical 
circuit gets altered by the additional seal resistance generated by a microtunnel that covers the 
electrode. The Rtunnel corresponds to the standard spread resistance in uncovered systems, and 
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6.1  Introduction 


its value is dependent on the microtunnel geometry, distance from the neuron, and electrolyte 
conductivity. Assuming an instant in time, when the maximum transmembrane currents are gene-
rated within the microtunnel and ignoring the fact that the action potential moves through the 
membrane, it is easier to understand the electrostatic problem [100]. The circuit represents the 
amplificated voltage produced from the axon based on the findings of Dworak and Wheeler [101]. 
The current generated in the axon membrane (iTM) passes through the resistive extracellular me-

dium (Recf), producing a voltage (Kirchhoff’s current law). That signal is captured by the recording 

electrode and the reference electrode, and the potential difference estimated in the amplifier. The-
refore, the voltage amplitude recorded by the covered electrode gets magnified by the additional 
seal resistance of the microtunnel, and its value is fundamentally dependent on the Rtunnel and the 
current passing through the neuronal membrane.




FIGURE 6.2. ELECTRICAL CIRCUIT OF ENHANCED MEA WITH MICROTUNNEL. 
The current generated during the AP through the neurite membrane (iTM) is transmitted in the conductive extracellular 
volume generating a voltage which magnitude increases in the tunnel structure due to the additional seal resistance 
(Rtunnel). This signal is recorded by the implemented microelectrode and travels through the resistant ITO wires (Rmetal) to 
the MEA amplifier. The electrodes are represented as Randles circuit that model the resistance (Rct), capacitance (Cdl), 
and the Warburg element (ZW) of the equivalent electrical circuit of the electrode immersed in the electrolyte. 
Reproduction of the illustration generated by Dr. Peter D. Jones.


Additionally, the impedance of the electrode, and therefore the noise, differs from the material and 
dimensions of the electrode. It gets reduced by the increase of the electrode diameter [16]. The 
microelectrodes of 25 x 25 µm integrated into the glass in an MEA are ineffective in catching the 
rapid potential changes occurring on neuronal membranes located at microns of distance.


In short, this new recording approach offers the unique opportunity to functionally study the 
electrical activity or 3D neuronal circuits without modifying its architecture or damaging the scaf-
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fold where they are growing. The data obtained during the validation of this invention was submit-
ted as a patent application in the World Intellectual Property Organization (WIPO) [97]. 


On the other hand, different materials can be employed for the fabrication of the microtunnels 
and other structures of the microfluidic systems. The most popular is PDMS, an elastomer produ-
ced from a polymeric base and a curing agent, that can be molded at micrometrical resolution 
using photoresist templates (so-called soft lithography) [102]. Once cured, the PDMS is easily re-
moved from the template and conveniently bonded permanently or reversibly to the final substra-
te of the MF system. This polymer is frequently used in research laboratories as a prototype for its 
advantage of being easy to use and for its cheap production [40, 51, 77, 81]. From each template, 
multiple chips can be produced and discarded once the experiments are completed. Moreover, 
the PDMS is permeable to gases, has a surface compatible with the growth of neurons in vitro, 
and supports long-term cultures [102]. However, despite its popularity, PDMS has many limita-
tions. The porous structure of Si-O backbones covered by alkyl groups allows for the evaporation 
of water during the incubation and the permeabilization of hydrophobic molecules [103, 104]. 
Therefore, this material is not adequate for drug screening processes or highly sensitive screening 
studies, and its application is limited to the production of economic prototypes.


Regarding the culture model, as mentioned in section 4.1, the neuronal cell types are varied, 
but the selected one must be robust and ensure reproducible results for the validation of the new 
in vitro system. Hippocampal primary cells besides spontaneous development of activity after less 
than one week in vitro, are suitable for testing of a new system due to the large number of cells-
per-sample obtained and the extensive literature available to interpret the results [105-107]. Hip-
pocampus is one of the major components of the brain and can easily be extracted from embryo-
nal mice [108]. These primary neurons cultivated in vitro preserve the intrinsic characteristic of 
neuronal cells like dendrite sprouting, neurites arborizations, and spontaneous synapsis forma-
tion. Moreover, the presence of astrocytes at embryonic mouse states ensures the right combina-
tion in vitro of neurons and astrocytes [105]. These glial cells are the most important neuronal cell 
partners in the brain. They are involved in the development, maturation, synapse signal trafficking, 
as well as in the formation and stabilization of the ECM [105, 109, 110]. In short, primary mouse 
hippocampal neurons are a spontaneously active, robust neuronal culture, ideal for the establish-
ment of a new in vitro technique.


Lastly, the 3D cell culture technique in the microphysiological system must guarantee the 
growth of neurons non-adhered to the substrate, ensure a homogeneous distribution of the cells, 
and fit with the MF design (see section 4.2). For this purpose, the most popular option is the em-
ployment of a hydrogel that creates the 3D scaffold and embeds the dissociated cells. Among all 
the available hydrogels, the Matrigel matrix is the most widely used [47, 50, 89, 91]. This hydrogel 
is a preparation extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor rich 
in extracellular matrix proteins as laminin, collagen IV, heparin sulfate proteoglycans, entactin/ni-
dogen, and several growth factors [111]. Moreover, its controllable polymerization by temperature 
permits the homogeneous mixture with dissociated cells in cold conditions and guarantees a 
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good distribution in the 3D space. In addition, it was already demonstrated the suitability of this 
hydrogel to form the extracellular scaffold in 3D cultures confined into the space of  MF chips [35, 
51].


However, it is important to bear in mind that despite the brain ECM has common components 
to other tissues, it differs in some specific aspects, like the low concentration of fibrous proteins 
as collagen and fibronectin, and the higher presence of glycosaminoglycans [112]. Also, the stiff-
ness is lower compared to other tissues [113, 114]. Therefore, the Matrigel matrix does not closely 
represent the composition of the CNS ECM.
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6.2. Results 
The results of this chapter confirmed for the first time the possibility of capturing functional elec-
trophysiological data from neurons embedded in a 3D extracellular matrix employing a microphy-
siological prototype made by PDMS. Additionally, it introduced the fundamental characteristics 
needed in a microphysiological system to have a good overview of the 3D morphological physio-
logy of the neuronal network. Lastly, it demonstrated the establishment of spontaneously active 
hippocampal neurons for the validation of future neuro-microphysiological devices.


6.2.1. Capturing electrical activity from DRG neurites


Initial experiments were performed with a PDMS-based MF chip placed on a custom MEA. In this 
design, three microfluidic compartments (MC) were interconnected by microtunnels, aligned with 
microelectrodes integrated on the MEA glass substrate (Figure 6.3 A). Neurons were suspended in 
a hydrogel matrix and grew in a non-adherent way, extending their neurites through the microtun-
nels in the first 2-3 days after plating. 


FIGURE  6.3.: PROOF-OF-CONCEPT EXPERIMENT TO CAPTURE THE ELECTRICAL ACTIVITY FROM 3D NEU-
RONS.  
PDMS-based MF chip was attached to a customized 120MEA (A). The three compartments (MC) of the chip were 
communicated by microtunnels aligned with microelectrodes of the MEA (B). Sensory neurons were labeled with GFP 
three days after transduction by AAV1.hSyn.eGFP.WPRE.bGH and kept in culture up to 7DIV. The cell bodies located in 
the central compartment extend their neurites through the microtunnels to the next compartment (C). Microelectrodes 
integrated into each tunnel captured the spontaneous action potentials of the sensory neurons growing in 3D (D, 
E) [115]. 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For better visualization, cells were infected with AAV1 expressing eGFP under the hSyn promoter. 
After seven days, most neurons expressed GFP, and their neurites could be followed from the 
central compartment (MC2) to the lateral compartments (MC1, MC3). The cell bodies grew in the 
3D volume of the MC2, and the neurites extended the nerve terminals in all directions after cros-
sing the microtunnels (Figure 6.3.C). The spontaneous growth of the neurites in a close environ-
ment ensured the capture of extracellular voltage profile from the 3D neurites by integrated micro-
electrodes. The seal resistance is increased by microtunnels of 3 to 5 µm in diameter and more 
than 300 µm long, facilitating the recording of activity from single neurites by the external micro-
electrodes. Every single electrode integrated into a microtunnel has the potential of recording the 
electrical activity of different neurites of the 3D neuronal network (Figure 6.3.D, E).


The experiment represented in Figure 6.3 was the proof-of-concept that demonstrated for the 
first time the possibility of capturing the electrical activity from non-adherent neurons in a non-in-
vasive way without modifying their inter-neuronal connections. This experiment was performed by 
cultivating primary sensory neurons from the mouse dorsal root ganglia (DRG). All of the following 
neuro-microphysiological systems fabricated throughout this thesis were based on this approach 
for recording the electrical activity of 3D neuronal networks.


6.2.2. Basics for high resolution imaging of 3D cell cultures


To better examine the morphology of the neurons growing in 3D, a more simple structure of 
PDMS was fabricated and adhered to a thin glass substrate. The reduction of the substrate to 
170 µm improved the quality of the confocal images compared to the MEA substrate of 1 mm. 
Also, the two lanes of the PDMS insert allowed the culture of neurons in 3D (Figure 6.4.A). 

Neurons embedded in hydrogel were located in the inner well while the medium was directly dis-
pensed on top in the next lane. This 'well-to-well' insert design avoided the formation of a menis-
cus in the hydrogel by surface tension and supported the homogeneous distribution of cells in 3D. 
Moreover, neurons were provided with continuous nutrients and oxygen by direct gravity perfu-
sion from the top to the bottom lane.


Neurons growing in 3D extended their neurites in all directions, and the cell bodies acquired a 

more rounded morphology. This neuron’s architecture resembled more the in vivo situation than 

the flattened morphology of the neurons adhered to a rigid surface (Figure 6.4.B). Moreover, cells 
in 3D could connect on all sides and were not limited to contact with cells nearby, as it happens in 
2D cell cultures.


Additionally, the optical transparency of the Matrigel scaffold and the thin glass substrate ensu-
red to capture high-detailed morphological aspects of the 3D neurons and sub-cellular structures 
like dendritic spines (Figure 6.4.C).
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FIGURE 6.4.: HIGH-QUALITY IMAGES OF SINGLE NEURON GROWING IN 3D IN A ‘WELL-TO-WELL'  INSERT.  
A. Diagram of a PDMS-insert with a 'well-to-well' structure attached to a thin substrate of 170 µm for imaging of 3D 
neuronal network. B. Neuron cultured in 3D and transfected with AAV1.hSyn.eGFP.WPRE.bGH extended their neurites 
in all dimensions. C. In higher magnification, a single dendrite with spines that sprout in all directions. See also supple-
mentary videos 1 and 2.


6.2.3. Establishment of primary hippocampal cells


As any of the previous platforms were validated for CNS primary neurons, hippocampal neuronal 
culture was first established in 2D to demonstrate its suitability for more complex in vitro systems. 
Dissociated primary hippocampal neurons were seeded on standard 120MEAs to monitor the 
spontaneous electrical activity (Figure 6.5). Electrophysiological measurements of adherent neu-
rons were performed at different DIV, and cell cultures were maintained on MEA for up to 4 weeks 
in vitro.


The electrical activity was progressively maturing. For the first five days, neurons fired single 
spikes. After one week in vitro, spikes started to arrange into bursts, and the interburst activity 
decreased. During the second week in culture, the interburst activity was practically non-existent, 
and the electrodes recorded synchronized bursts firing throughout the whole network (Figure 6.6). 
As can be expected, the electrical activity development time was directly related to the number of 
neurons and, therefore, to the density of cells seeded at the beginning of the experiment. With an 
increased number of cells, the synaptic connexion and the formation of synchronized activity was 
faster. Most of the recordings of 2D neuronal cultures in this chapter were carried out at cell den-
sities between 1400 and 1700 cells/mm2. 
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FIGURE  6.5: STANDARD 120MEA USED FOR THE ESTABLISHMENT OF PRIMARY HIPPOCAMPAL CELLS. 
A. Standard 120MEA with a ring of 19 mm of diameter, pitch of 200 µm between TiN electrodes (B), and 30 µm of dia-

meter (C).




FIGURE  6.6: SPONTANEOUS ACTIVITY OF HIPPOCAMPAL CELLS ON 120MEA. 
A. Bright-field optical image of neurons attached to the substrate. After 11DIV, neurons were distributed on the MEA, 
and neurites covered most of the space between the cell bodies. B. Continuous raw data plot of 120 electrodes arran-
ged as on the MEA. Every square corresponds to one electrode and 30 seconds of recording activity. C. In a higher 
magnification, the electrical activity of four single electrodes recording synchronous bursts. D. Amplification of two sin-
gle action potentials. The SNR was more than fivefold. E. The developing timeline of the spontaneous activity over the 
days in culture represents the mean firing rate (MFR) and the percentage of spikes within bursts for more than 3 MEAs 
at different DIV (see appendix 1).
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6.2.4.Hippocampal cells in the PDMS-based MF chips


The major challenges of the PDMS microfluidic system were to keep the viability and cell distribu-
tion constant over time and to prove the growth of the neurites through the microtunnels. 

Hippocampal cells were cultivated in 2D in both lateral compartments of the MF chip to promote 
the required contact between neurons that support their viability (MC1 and MC3). After three to 
four  DIV, neurites started to grow along the microtunnels. For better visualization, cells were 
transduced after 1 DIV with AAV1 to express eGFP. After five days, most neurons were labeled by 
GFP (Figure 6.7).


FIGURE  6.7: HIPPOCAMPAL CELLS GROWING A PDMS-MF. 
A. PDMS chip used for sensory neurons experiment. Hippocampal neurons were plated in both lateral compartments 
and transfected with AAV1.hSyn.eGFP.WPRE.bGH. B. The neurites extended through the microtunnels, and after 7DIV 
most neurons were labeled with GFP (C).


The hippocampal cell density in this device had to be increased to four times the density of the 
2D MEA experiments to promote the even distribution of the neurons on the MCs and the growth 
of the neurites through the microtunnels. Cells could be kept in culture up to two weeks due to 
the progressive clustering of the cell bodies and their subsequent detachment from the glass 
substrate. After one use, MFC was detached from the MEA and discarded.


Despite being a useful prototype for simplified 2D cell cultures, the design of this MF chip pla-
yed a vital role in the inability to grow 3D hippocampal neurons. The MCs were closed, and the 
hydrogel pipetted in each compartment could only be perfused from the two side reservoirs (Figu-
re 6.7.A). Hippocampal cells plated in 3D in this MF chip died after less than 2 DIV, especially on 
the central part of the MCs, where the concentration of nutrients, gases, and catabolites was pro-
bably lower (data not shown). Although the MF chip was suitable for the growth of 3D sensory 
neurons for a few days, the heterogeneous survival of 3D hippocampal cells indicated that CNS 
neurons might need a more constant provision of nutrients and a more complex MF design. In this 
PDMS-MF chip, the hydrogel and medium lanes were not adequately defined, which created a 
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meniscus of the hydrogel in the reservoirs, unequal distribution of the neurons from the reservoir 
to the MCs, and non-homogeneous perfusion of the cell culture.


Therefore, this chip was unsuitable for the growth of 3D CNS neurons, and it was indispensa-
ble to produce a new design where the MCs were open and the hydrogel can be perfused as in 
the 'well-to-well' PDMS insert (Figure 6.4.A), gravity-driven from top to bottom. 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6.3. Discussion 
The results presented above demonstrated three basic concepts essential for the development of 
an in vitro platform to study 3D neuronal networks. 


First, the data proved the capability of implemented MEA to capture the action potentials 
transmitted through the non-attached neurites and the suitability of this technique to functionally 
assess 3D neuronal circuits. For the first time to our knowledge, microtunnels were employed to 
entrap free growing neurites with the somas spreading in a 3D hydrogel area. The neurites auto-
matically extended through the microtunnels, transmitting the action potential from the soma to 
the terminals, and the microelectrodes were capable of capturing the rapid voltage change on the 
membrane surface (Vout). The use of microtunnels to separate two different chambers was already 
employed by various researchers to analyze and track the axons of 2D neuronal cultures [34, 55]. 
Also, a two-compartment microfluidic device with a micron-size barrier was already disclosed in 
2004 to selectively stimulate the surface of adherent neurites or neuronal soma with integrated 
electrodes [116, 117]. Furthermore, Dworak & Wheeler reported in 2009 the use of microtunnels 
for the amplification of the axonal signals of 2D neuronal cultures [101]. However, our invention 
provides a new approach to electrically record or stimulate neurons of 3D neuronal circuits in a 
non-invasive way and with a high efficiency, thereby, allowing to study neuronal function, neuro-
degenerative disorders, and the effect of neuroactive compounds in a more predictive system.


Second, the results also demonstrated that the morphology of the neurons embedded in a hy-
drogel can be assessed by microscopy in a live state. The transduction of the neuronal culture by 
eGFP expressing adeno-associated virus type 1 (AAV1) for the expression of eGFP facilitated the 
tracking of 3D neurites and the imaging of structures with a resolution lower than 1 µm. For ins-
tance, dendritic spines were captured without affecting the viability or the integrity of the cell cul-
ture. The expression of GFP was robust, homogeneous over the cell culture, and visible four to 
five days after the infection with AAV1, making this live staining a promising technique to study 
the development of neuronal circuits in vitro. Therefore, for carrying out high resolution imaging of 
the 3D neuronal circuit in a MF device is necessary to reduce the substrate, ensure a transparent 
scaffold, and label the cells with fluorescent proteins. It should also be considered that the thick-
ness of the hydrogel in this 'well-to-well' prototype system was appropriated for the 3D visualiza-
tion of the culture. An increase of the hydrogel thickness might hinder the monitoring of the entire 
3D culture by the augmented fluorescent scattering and background.


Third, the results confirmed that a homogeneous perfusion and an equal distribution of the dis-
sociated neurons in the hydrogel is necessary to build a stable CNS cell culture in 3D. These re-
quirements are directly related to the MF chip design and its suitability for 3D cultures. In this 
case, the close PDMS prototype MF chip did not meet the criteria for a long-term study of 3D 
neurons, since it limited the perfusion of the hydrogel to the open reservoirs and does not ensure 
a similar number of cells between the MCs and the reservoirs. Its architecture must be modified to 
a more appropriate design, which would also improve the throughput of the experiment. Additio-
nally, despite the possibility of fabricating multiple PDMS chips from the same photoresist templa-
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te, the throughput, once attached to the MEA, was limited to one. The number of MF per MEA 
could be increased by the modification of the template, but it will make the PDMS detachment 
more difficult after curation.


On the other hand, the PDMS material has been questioned over the past years in the lab-on-
chip field, mainly for its tendency to absorb small hydrophobic molecules that can alter the con-
centration of the solutions and, therefore, the experimental outcome. Moreover, the PDMS is a 
porous material highly permeable to oxygen and CO2, which could be considered an advantage 
for the gas exchange of the cell cultures. However, water vapor permeability has also been obser-
ved and might trigger a solute concentration alteration [103]. Multiple coating and surface treat-
ments were proposed to avoid these inconveniences but do not ensure 100% impermeability and 
compatibility with all cell types [104]. In short, PDMS is helpful for initial prototypes but is not ap-
propriate for high screening studies and advanced OoCs, not only for the absorption of small mo-
lecules such as drugs, but also for its unsuitability for highly reproducible experiments. Conse-
quently, the results led us to develop a new microphysiological system that supports long-term 
analysis of hippocampal cells in 3D, combination of multiple experiments in a single device, and 
re-use of the MF-MEA, until now disposable.


Importantly, the primary hippocampal neurons seem to be an excellent neuronal model for the 
validation of future platforms due to its high reproducible outcome and the large number of cells 
obtained per preparation. The hippocampal cell cultures have been employed in numerous stu-
dies, and the results can be easily compared with the literature [106, 118-120]. Moreover, the ac-
cessibility to primary cell cultures is easier and more economical than iPSCs lines, and generates 
more straightforward replicates [45, 121]. Despite iPSCs having a higher potential to simulate the 
in vivo neuronal dysfunction, genetically reprogrammed cells from the patient might induce muta-
tions and other alterations that may differ from batch to batch and from the physiological proper-
ties of neurons [122]. Moreover, glial cells have a distinct differentiation protocol, and the co-cultu-
re of neurons with astrocytes would require two parallel maturation protocols for a posterior com-
bination in a dish [123]. It is also important to note that the iPSCs at a low maturation stage de-
mand an extended culture time. That would prolong the time of the testing trials and complicates 
the multiple proof-and-error experiments necessary for the validation and development of a new 
in vitro system. 


The field of neuron reprogramming is growing and has multiple applications in screening stu-
dies and disease modeling, but has yet to reach the stage of maturity before iPSCs can be used 
as a robust standard cell type for establishing a new in vitro system [121, 124]. Accordingly, the 
strategy followed in this project was firstly, the implementation of the microphysiological system 
through validation with primary hippocampal cells and, secondly, the use of human-derived-cells 
to generate a more predictive neuronal device and disease-specific models.
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7. A multi-layer platform for assessment of 3D neu-
ronal networks


7.1. Introduction 
 

The usability of a microphysiological system refers to the compatibility with monitoring equip-
ment, cell culture methods, and the possibility of collecting multiple data points [125]. Therefore, 
the MF with a functional and morphological read-out of the 3D neuronal culture must be adapta-
ble to the recording approach employed, MEA, the imaging technique, microscopy, and support 
the long-term growth of the neurons. 


As have been proved with the results of the previous chapter, the control of nutrients and gas 
exchange of the 3D culture is also a critical point in microfluidic technologies. The perfusion of the 
3D culture should be uniform and promote a similar supply of nutrients and oxygenation over the 
whole microfluidic compartment. Moreover, another extra value of the MF technology is the feasi-
bility of increasing the throughput in one single device. An ideal design aims to the maximum 
number of replicates to increase the productivity of the experiments and to have reproducible 
control over the 3D neuronal cultures [36, 126].


Since the first MF chip was unsuccessful for the growth and recording of CNS neurons in 3D, 
and the final goal of this project was the development of a reusable in vitro platform with higher 
throughput and compatible with different neuronal cell types, the next steps were to change the 
MF chip design by increasing the number of experiments per MEA and employing another micro-
fabrication process. For understanding the strategy followed in this chapter, it is necessary to in-
troduce the new microphysiological system by technological and biological modules.


The technological approach involves the material employed for the microfabrication and the 
design of the MF chip. The new microphysiological system must be PDMS-free. The photoresist-
polymers are a potential alternative commonly employed in the microfabrication that might aid to 
overcome the PDMS limitations [102]. By photolithography process and lamination, photoresist-
polymers (base resins) are structured and cross-linked after UV-exposure. A notable advantage of 
this material is the capability to build 3D microfabrication and complicated architectures by se-
quential photo-polymerization steps [127]. Moreover, the thermal stability, the chemical inert sur-
face after exposure, and its transparency make this microfabrication an excellent choice for the 
production of MF on the MEA substrate [102].


The SU-8 is an epoxy-based negative photoresist made by dissolving EPON (R) SU-8 resin in 
an organic solvent [128]. The final thickness of this photoresist depends on the ratio solvent-to-
SU-8 resins and can vary from 0.5 to hundreds of µm [129]. SUEX and ADEX are dry film photore-
sists with similar epoxy-based negative chemistry. For the patterning of specific structures like the 
microtunnels, UV-photolithography technique is required. This method entails five basic process-
ing steps: photoresist deposition, soft bake, exposure, post-exposure, and development. Liquid 
photoresists such as SU-8 are deposited by spin-coating, whereas dry film resists are  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laminated and can enclose existing channels. The areas of the negative-photoresist polymers that 
are UV-exposed catalyze the chemical cross-linking of the epoxy groups and polymerize. After 
heating, these areas become rigid, and the non-exposed areas can be cleaned with a developer 
[128]. By repeating the same principle on sequential photoresists, it is possible to structure multi-
layer MF designs [130]. For this purpose, dry film photoresists like ADEX and SUEX, available at 
multiple thicknesses, are useful to design additional structures like compartments and membra-
nes on top of the SU-8 layer [131, 132]. 


An important aspect concerning the integration of MFs on the substrate, in this case the MEA 
glass, is the sealing and permanent bonding to it. Additional to the high epoxy content, SU-8 con-
tains an organosilane cross-linker/adhesion promoter. The silane end can react to the silicon nitri-
de insulator of the glass, facilitating the permanent integration of the microfluidic structure on the 
MEA substrate [128]. For the attachment of multiple sequential layers, the photoresist can be soft-
baked to promote the chemical reaction with the next laminated layer. However, one limitation of 
the photoresist layers is its maximum thickness, which is several hundred µm [131, 132]. Practica-
lly, films with thicknesses of 100 µm or more suffer from extreme stress which can cause pro-
blems of cracking and delamination. Consequently, to generate thicker structures it is necessary 
to combine them with other materials. 


Regarding the new MF design, the layout must be based on the previous PDMS MF chip for-
mat, which demonstrated its capability to record the activity of non-adherent neurons. Therefore, 
the MCs should be separated by microtunnels aligned to the MEA microelectrodes. Additionally, 
the design of the compartments should ensure the homogeneous hydrogel perfusion with the 
medium located in the upper lane, as in the 'well-to-well' design presented above (section 6.2.2). 
Also, the MF could be simplified to two MCs instead of three, supporting the increase of the th-
roughput. Figure 7.1 illustrates all these concepts in one MF design, including one perforated 
membrane to separate the hydrogel and the medium lane.


On the other hand, the biological module is constituted by the cells that will be cultured in 3D 
and the scaffold that surrounds them. The cross-validation of multiple neuro-microphysiological 
systems requires an established neuronal cell culture with controlled conditions, high reproducibi-
lity results, and low variability between preparations. The previous chapter presented the primary 
hippocampal cells as a robust cell line from the CNS for 3D and 2D cultures. This cell type is 
highly informative for the systems with functional read-out due to its spontaneous activity, and it 
is very well established on traditional 2D cultures. Henceforth, all the experiments presented in 
this project are based on mouse embryonic hippocampal cells.


The hydrogel (Matrigel matrix) creates the scaffold of the 3D neurons supporting their growth 
[89]. Nevertheless, as previously mentioned, this hydrogel does not simulate the composition of 
the ECM in the brain. Also, due to its natural source, Matrigel has high batch-to-batch variation in 
terms of biological and mechanical properties [111].
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FIGURE 7.1. DEPICTION OF THE NEW MULTI-LAYER DESIGN AND THE GROWTH OF 3D NEURONS. 
A. Illustration of one single well of the new multi-layer design. Each experiment has two compartments connected by 
microtunnels and perfused with medium located in the upper lane. B. Higher magnification of the perforated membrane 
that separates the two lanes and of the neurons growing in three-dimensions with neurites entrapped in the microtun-
nels (C). D. Bottom view of the system. E. Transversal view of the two compartments. 


The advance of the biomaterials field in the lasts years enabled the synthesis of desirable scaf-
folds with controlled composition, porosity, and mechanical forces [133]. The characterization of 
the matrices is fundamental for the development of more representative neural systems and the 
resemblance of the in vivo physiology. The closer the matrix is to the brain ECM, the higher is the 
predictive value of the neurophysiological system.


Hydrogels are the most promising option for the generation of ECM in the OoC field (see Table 
4.1). They are formed by 3D structured hydrophilic polymers cross-linked by covalent bonds or 
physical interactions. The flexible composition, biocompatibility, controlled mechanical properties, 
and the possibility to link essential adhesion elements of the ECM, makes synthetic hydrogels the 
best technique to generate the scaffold for the 3D cultures [134]. Numerous qualities can classify 
available hydrogels for neuronal culture as its origin, natural or synthetic; the number of polymers, 
homo or copolymer composition; the type of cross-linking factor, chemical or physical; the pH; 
and its mechanical properties [135]. 


Concerning the suitability of the hydrogels for the growth of neurons in 3D, it is worth notice 
that a complex combination of the biophysical properties and the composition of the ECM can 
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interfere in the generation of maturation and differentiation speed, spontaneous activity, and neu-
ronal migration [62, 134, 135].


First, the porosity of the hydrogel which is usually of a nanometer-scale, can affect the perfu-
sion and oxygen flux to the system. 


Second, the stiffness of the hydrogel has a substantial effect on mechanotransduction and es-
sential consequences in neuronal culture development like the sprouting of neurites and the for-
mation of synapses [136]. The elastic modulus and stiffness can be measured by a rheometer that 
calculates the linear deformation of the hydrogel after applying a force that strains the matrix. The 
value corresponds to approximately three times the shear modulus [134]. In an adult rat brain, the 
approximate shear modulus (G') is between 125 and 320 Pa [114]. In synthetic hydrogels, the 
shear modulus is malleable, according to the protein concentration or the density of cross-linked 
polymers. The elastic modulus of the Matrigel varies depending on temperature and protein con-
centration. At 37 °C and with an average protein concentration of 9-10 mg/mL, the elastic modu-
lus lies around 100 Pa, which corresponds to a G' of 33 Pa [111]. A synthesized hydrogel can be 
modified to simulate the mechanical forces of the brain in vivo. However, the rheometer parame-
ters as applied force, frequency, type of rheometer, along with experiment conditions and the 
sample employed, can affect the final elastic modulus values, making this comparison extremely 
difficult.


The third property important for the cell culture is the degradable capacity of the hydrogel by 
neurons, which supports the cell migration in the 3D matrix, the contact between neurons and 
glial cells, and the extension of neurites. This modifying capacity depends on the origin of the hy-
drogel [133]. Natural hydrogels, such as Matrigel, are generally degradable, but the biochemical 
and physical interaction of the neurons with the ECM is still not well understood. On the other 
hand, synthetic hydrogels can integrate flexible cross-linkers to support the degradation by the 
intrinsic metalloproteinases (MMPs) produced by neurons and astrocytes [134, 137].


The fourth hydrogel characteristic is the functionalization with determined peptides to make the 
composition more in vivo-like. For example, the link to the polymers of peptides derived from the 
Laminin, as RGD (Arg-Gly-Asp), YIGSR (Tyr–Ile–Gly–Ser–Arg) or IKVAV (Ile‐Lys‐Val‐Ala‐Val) promo-
tes the adhesion of the cells to the scaffold [135, 138].


Other hydrogel properties not related to the growth of neurons in 3D can make the hydrogel 
unsuitable for its employment in MF devices. For instance, hydrogel transparency and homogene-
ity are two essential aspects to combine the system with the imaging assessment of the neurons. 
Also, the polymerization process should be compatible with the MF design and ensure the homo-
geneous distribution of neurons in the 3D area. In addition, the hydrogel stability over time should 
guarantee the performance of long-term experiments. Ultimately, the induced degradation of the 
hydrogel promotes the harvesting of the neurons after being in culture and support the perfor-
mance of further molecular analysis. 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7.2. Results 
The following results introduce the outcome of the new microfabrication technique, followed by 
the validation of the multi-layer system with 3D hippocampal networks and its functional and 
morphological assessment. Furthermore, it illustrates the establishment of a new protocol for im-
munolabeling of 3D cultures, the usability of this new system and its limitations. Finally, it compa-
res the results of 3D neuronal networks growing in the Matrigel matrix with other synthetic hydro-
gels.


7.2.1. MF chip with higher throughput, reusable, and compatible with CNS neurons


The new MF system was assembled on 256MEAs by photolithography process and lamination. To 
build the 3D structures of the MF chips three photoresist were structured sequentially and a milled 
COC multi-well polymer bonded. Moreover, to protect the hydrogel against the medium shear 
stress, a photoresist layer was patterned, creating a perforated membrane that separates the hy-
drogel and media lane (see Figure 7.1). In addition, the modification of the MC dimensions and the 
change of the microfabrication technique supported the increase of the throughput from 1 to 12 in 
one single MEA. Each experiment includes 19 recording electrodes per experiment, located in the 
microtunnels, and two electrodes on the reservoirs. Figure 7.2 illustrates the final layout with 12 
independent experiments and the multi-layer fabrication process (Figure 7.2.D).


FIGURE 7.2. MULTI-LAYER IN VITRO PLATFORM WITH 12 EXPERIMENTS. 
A. Picture of the MF-MEA platform. B. Diagram of the device with 12 single experiments. C. Each experiment is con-
formed by two compartments connected to the bottom by microtunnels. D. Diagram of the different layers of the MF 
chip. 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Although photolithography was already established at the Institute, in this chapter, it is propo-
sed for the first time for the manufacture of microfluidics [139]. There was no need to set up the 
process of microfabrication, but the higher complexity of the structures and the lamination of mul-
tiple layers required specific adjustments.


To promote the superimposing of three microfabricated layers and to avoid the photoresist 
stress by thermal contraction, supporting structures were divided into pillars (Fig 7.3 A) [140]. 
These pillars held the unpatterned MF areas between layers and solved the stress issue, but in-
troduced the problem of developer leakage into the hollow spaces. For preventing the flow of the 
developer to adjacent compartments, single wells were sealed by surrounding wall structures. 
Lastly, the third photoresist layer that builds the perforated membrane covered all these structu-
res, generating a closed MF design with opened areas limited to the MCs and the reservoirs. 


MEAs were produced at the NMI TT GmbH, according to the custom design. Initial MEAs had 
electrodes fabricated with TiN. However, during the photolithography process, the rough surface 
of these electrodes was partially covered by rests of SU-8, increasing the impedance and interfe-
ring with the recording of neuronal signals. The fabrication was then substituted for gold sputteri-
ng on glass. Gold has a smoother surface making it easier to rinse, and the impedance is practi-
cally not altered after the microfabrication [141, 142].


Microfluidic channels were fabricated by photolithography of three sequential layers of epoxy 
photoresists (SU-8, SUEX, and ADEX). For the alignment of the electrodes and the microtunnels 
at micrometer precision, previously drawn marks on the MEA and the exposure-masks were alig-
ned. After the exposure of the second layer, some microtunnels and small structures were irrever-
sibly blocked by the reflow of unexposed SUEX. This problem was avoided by two post-exposure 
baking steps at 45  ºC and 65  ºC, of 2 h and 1 h respectively, and a longer developing step of 
10 min. The third 20 µm layer of ADEX was then laminated on top and exposed to create the per-
forated membrane and a hermetically closed microfluidic system. However, the developer leaked 
into the pillars structures. For removing the maximum developer residues, it was necessary to 
change the rinsing procedure post-exposure, dipping one minute in fresh cyclohexanone, soaking 
10 min in Isopropanol, and finally drying with nitrogen.


For a complete cross-linking between the SU-8, SUEX, and ADEX, MF chips were baked up to 
200ºC overnight with a slow increase and decrease of the temperature of 0.5 ºC/min to avoid 
thermal stress on the different layers. After this baked step, the color of the microfluidic turned to 
brown and increased their autofluorescence. The result after the final processing is shown in Figu-
re 7.3. Once the lamination process was completed, the pre-milled COC multi-well was glued by 
EPOTEK® under binoculars. The results of the gluing were satisfactory, and the liquid glue did not 
leak into the perforated membrane or other microstructures (Figure 7.3.D). To avoid the toxicity of 
the EPOTEK®  glue and ensure the proper bonding of the multi-well piece, the whole MF chip was 
again baked at 100ºC.
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FIGURE 7.3. MICROFABRICATION RESULTS OF THE MULTI-LAYER MICROFLUIDIC CHIP. 
A. Top view of one single experiment. B. Membrane with perforations of 30 µm. C. Microtunnels communicating both 
MCs. D Top view of a single well with COC multi-well attached. E. Bottom view of a single experiment.


Before the successful microfabrication of this new chip, many others were produced and tested 
with the growth of hippocampal neurons in 3D. Some previous exemplary models are presented 
in Figure 7.4; others were excluded due to a material transfer agreement with microfluidic compa-
nies. For multiple reasons, these chips were not suitable for long-term cell cultures or neither 
compatible with the electrophysiological recording by microelectrodes. The process of fabrication 
was the same, based on lithography and lamination, but entailed a different number of layers, 
from two to five sequential photoresist processes. Also, the number of experiments per MEA was 
different, from three to a maximum of six. Only the systems manufactured in-house were compa-
tible with the integration of microelectrodes, hence, suitable for the recording approach of non-
adherent neurites. Other MF chips could not be combined with the MEA due to the incompatibility 
of the MF piece with the fabricated microtunnels or due to the lack of bonding methods.


For the validation of the different systems, neurons were seeded, grown in 3D, and evaluated 
by microscopy. In most of the cases, neurons in 3D had an unequal distribution and viability  in 
vitro. Similarly to the multi-layer system explained above, the media lane was located on top of 

	 	 41



7.2 Results 


the hydrogel lane. However, the perfusion of the hydrogel in these systems was not optimized. 
The hydrogel lanes were closed in some areas limiting oxygenation to the reservoirs and the cen-
tral sections of the MCs, and the volume of medium was insufficient for the number of cells em-
bedded in the hydrogel. Furthermore, these prototype systems were entirely closed on top, which 
generated an uncontrollable flow of the medium in the MCs, damaging the hydrogel by the in-
creased shear stress over its surface.


FIGURE 7.4. MICROFLUIDIC SYSTEM PREVIOUSLY TESTED. 
A. First UV-Lithography based MF-chip produced for this project with the amplification of one single expe-
riment. B. Second UV-Lithography MF-chip with 6 individual experiments.
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7.2.2.Morphological assessment of hippocampal cells in 3D


Dissociated hippocampal cells were incorporated to 75 % Matrigel, which conformed the scaffold 
for the growth of neurons in 3D. The cells-hydrogel mix was pipetted into both compartments of 
the microfluidic chip. Then, the device was inverted upside-down to promote a homogeneous 3D 
distribution of the cells during the gelation of the Matrigel (Figure 7.5). After 1DIV, it was possible 
to observe sprouting neurites in the neuronal cell bodies.


For a better morphological evaluation, cells were transduced with AAV for the expression of 
GFP. After four days, most neurons were live-labeled with GFP. Neurites grew through microtun-
nels that connect both compartments linking the two populations of neurons (Figure 7.5.B). At 
higher magnification, neurons with varied dendritic and axonal patterns were identified (Figure 
7.5.C).


FIGURE 7.5. LIVE-IMAGING OF 3D HIPPOCAMPAL CULTURES IN THE MULTI-LAYER MF CHIP. 
Neurons after 7-13DIV plated at 10 to 15 k/μL and transfected with AAV1.hSyn.eGFP.WPRE.bGH for live-labeling of the 
cytoskeleton after 1DIV. The MOI was approximately 104. The two populations of neurons connected by the growth of 
neurites through the microtunnels (A, B). Neurites extended in all directions, and dendritic spines were observed with 
40x magnification (C). Scale bars in A 150 μm, in B 50 μm and in C 20 μm.

See also supplementary videos 3 and 4.


These multiple morphologies correlated with the presence of neurons from different hippocampal 
areas [107]. Mature functional structures like synaptic boutons and dendritic spines were visible 
after just one week in vitro.
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To separate the hydrogel and the medium lanes, different sizes of the perforated membrane were 
tested. The goal was to find the best compromise between a protected hydrogel with low shear 
stress from the medium lane and uniform perfusion that ensures enough supply of nutrients and 
viability of the neurons. As illustrated in Figure 7.6, there was not a noticeable variation in the via-
bility of the neurons located under the different mesh sizes.


Also, to potentiate the perfusion of the hydrogel and simulate in vivo blood circulation, a gra-
vity-driven media flow was created by tilting the microfluidic device on a rocker platform. The in-
clination angle defined the media flow from one well of the COC multi-well to another. The oscilla-
tion of the rocker platform determined the flow direction. However, this bi-directional flow did not 
have an appreciated effect in the viability of the 3D neurons. In the previous microfluidics devices 
(Figure 7.4), which had a limited volume of medium for perfusion and completely closed MCs, the 
tilting of the rocker promoted the medium oxygenation in the open areas.





FIGURE  7.6. PERFORATED MEMBRANES TO SEPARATE HYDROGEL AND MEDIUM LANES. 
The top images illustrate the top view of the membranes with perforations of 100 µm, 30 µm, and 10 µm of diameter (A, 
B, and C) respectively. The bottom images correspond to neurons growing in 3D under the mesh after 4-6DIV (Scale bar 
200 µm).
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7.2.3.Recording activity of hippocampal cells in 3D


An essential condition for the suitability of this micro-physiological system targeting study neuro-
nal networks is the recording of the spontaneous electrical activity of the neurons. Based on pre-
liminary results of the previous chapter, 228 electrodes were aligned with the microtunnels of the 
MF chip. Additionally, as a control, two electrodes were placed on the reservoirs. The electrical 
activity of 3D neuronal cultures was captured from the neurites extended into the microtunnels. 
Figure 7.7 shows an exemplary recording from 3D neurons after more than one week in vitro.


FIGURE  7.7. SPONTANEOUS ACTIVITY OF 3D HIPPOCAMPAL NEURONAL NETWORKS. 
There are two types of electrodes in this system, recording and reservoir electrodes. Recording electrodes are located 
under microtunnels, and the control electrodes in the reservoirs (A). B. Example of spontaneous activity of neurons see-
ded at 15 k/uL recorded in a single experiment of the chip after 13DIV. The x-axis represents the time in seconds and 
the y-axis represents the voltage in millivolts. C. Magnification of 10 seconds of activity, six recording electrodes, and 
one reservoir electrode. D. Amplification of one single burst. The signal/noise ratio (SNR) is comparable to 2D recor-
dings.
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The traces of every single electrode are plotted in Figure 7.7.B and amplified in Figure 7.7.C. The 
potential spikes were arranged in bursts and synchronized through the different recording electro-
des. This signal pattern corresponds to a mature neuronal network and is comparable to the elec-
trical activity recorded on classical 2D MEA cell cultures (see Figure 6.6).


Furthermore, the two control electrodes located in the reservoirs recorded a small signal in 
comparison to the rest of the electrodes (Figure 7.7.B). This result reinforces the theory presented 
above; the distance between the reservoir electrodes and the cells scattered in 150 µm of the hy-
drogel is much higher compared to the electrodes and neurites within the microtunnels (3-5 µm). 
The electrodes confined in a small structure, as a microtunnel, can capture the Vout of neurites 
since the signal does not diffuse to the surrounding electrolyte. However, as the reservoir electro-
des have a much bigger exposed surface area, the electrode impedance, and therefore the stan-
dard noise, is decreased, facilitating the recording of small signals from non-adherent neurons. 
Nevertheless, the amplitude of these signals is smaller compared to the recording electrodes and 
not comparable to the activity recorded in classical MEA, where the cell bodies are settled on top 
of the electrodes. Therefore, it can be deduced that the cell bodies are not in direct contact with 
the bottom but at few microns above it and that the extracellular action potentials of neurons not 
adhered to the substrate can not be captured by small electrodes integrated into an MEA.


 

FIGURE  7.8. PTX AND TTX ACUTE EFFECT IN THE 3D NEURONAL NETWORK. 
Spontaneous activity of neurons seeded at 15 k/uL is altered by the application of PTX (A) and TTX (B). Each line co-
rresponds to five electrodes located in the microtunnels and one reservoir electrode of the same well. The red line indi-
cates the time of the compound application. The effect is evident after a few milliseconds.
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As demonstrated in Figure 7.8, spontaneous electrical activity can be modified by the acute ap-
plication of excitatory and inhibitory compounds. When picrotoxin (PTX), an antagonist of the 
GABA receptors, was added at 3 µM into the medium, the electrical activity increased, and the 
frequency of synchronous bursts incremented in most of the recordings electrodes. While, with 
the application of tetrodotoxin (TTX) at 1 µM, the activity got entirely blocked. TTX binds to the 
fast voltage-gated sodium channels, impairing the function of these ion channels and silencing 
the activity of the whole neuronal network. These results demonstrated the rapid perfusion of the 
hydrogel from top to bottom and the suitability of the system for compound screening in 3D neu-
ronal networks.


The application of the compounds diluted in culture media was performed in the chip located 
on the recording MEA system to study the time-course effect. The electrical activity was recorded 
five minutes after to allow the stabilization of the temperature and pH. As can be observed in the 
raster plots of Figure 7.9.A, the application of medium seemed to have an impact on the sponta-
neous activity. These control experiments had an increased activity compared to the spontaneous 
firing, and therefore, the effect of the compound could be hidden due to an altered base experi-
ment. For this reason, the absolute values of each well were represented in plots of Figure 7.9.B.


The parameters selected to describe the electrical activity indicated that with the application of 
medium and PTX, the spikes and burst frequency increased. Also, as estimates the covariance of 
the interspike interval parameter (ISICoV), the spikes tended to be more distributed into bursts, 
and the number of spikes between bursts decreased (see appendix 1). Moreover, after the appli-
cation of PTX, the network burst frequency increased dramatically, and also its rhythmicity, as in-
dicated by the covariance of the interburst interval of network bursts (NetIBICoV).


In summary, the electrical activity became more active and regularly synchronous compared to 
the spontaneous firing after the application of PTX. This response corresponds to the expected 
effect on a mature neuronal network. PTX acts as a non-competitive blocker of the GABA recep-
tor chloride channels, preventing the hyperpolarization of inhibitory neurons. That is, it silences 
the inhibitory circuit of the network, provoking a seizurogenic effect. Based on these results, the 
presence of mature inhibitory neurons in our neuronal network after 13DIV, it can be assumed. On 
the other hand, the control experiment with medium also induced a higher firing rate in the 3D 
neuronal network and potentiated the synchronicity. Therefore, the drug application method for 
this in vitro system has to be implemented.
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FIGURE  7.9. MEDIUM AND PTX APPLICATION TO THE 3D NEURONAL NETWORK. 
A. Raster plots of 30 s of spontaneous activity after medium and after PTX application. Each line corresponds to one 
recording electrode of the same well with a total of 19 electrodes per well. B. Histograms of each electrical parameter 
selected representing the absolute value per well. Six wells are included in each graph. The error bar indicates the SD 
between the activity recorded by electrodes of the same well. The parameters which describe the network burst have 
one value per well (ISI = interspike-interval, NB = network burst, CoV = covariance). 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7.2.4. Usability of the multi-layer chip


This chip is completely compatible with the MEA recording system available from Multi Channel-
System since it is based on the classical 256MEA. The contact pads of the MEA substrate had 
the same disposition as on the commercially available 256MEA. The only adjustment necessary 
for analysis purposes was the arrangement of electrodes by twelve independent experiments. 
Moreover, the spacing of the COC multi-well and the size of the reservoirs was studied to make 
the chip profitable by the use of the standard multi-pipetting system for medium change and ap-
plication of compounds (Figure 7.10).




FIGURE  7.10. SCALABILITY OF THE MULTI-LAYER MICRO PHYSIOLOGICAL SYSTEM. 
Images acquired during the performing of experiments that demonstrate the adaptability of the microfluidic device to 
the multi-pipetting system for medium application (A), the suitability with the USB-MEA256 system (B), and the possibi-
lity of applying compounds to the 3D neuronal circuits monitoring the functional effect (C).


After recording, the devices were washed and cleaned for future cell platings. The reusability rate 
of these chips was higher than any similar system currently available. Similar experiments were 
repeated more than ten times in the same microfluidic chips, keeping the cells up to 14DIV. Ho-
wever, the multi-well of COC detached over time in some areas of the chip, and the first photore-
sist layers began to delaminate, causing leaks and generating an unusable MF system. The de-
fected photoresist areas were evidenced by the change in the light reflection where the layer was 
not fully attached to the substrate (Figure 7.11.B, C). On average, the lifespan of the chips with 
almost no defects in the fabrication was limited to 10 to 15 uses. This drawback and the tedious 
and complicated multi-layer manufacturing technique led to the implementation of the system by 
a more straightforward and reproducible production process, and a longer stable architecture that 
supported a higher scale production. This new microphysiological system is described in the next 
chapter. 
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FIGURE  7.11. DELAMINATION AND PROBLEMS OF THE MULTI-LAYER MICROFLUIDIC SYSTEM. 
A. The leakage of the developer in the supporting pillar area of the microfluidic was difficult to clean. 

After 10 to 15 uses, the photoresist layers of the MF chip started to delaminate (B, C). Also, the COC multi-well piece 
detached from the chip (D).
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7.2.5.Immunostaining of 3D neuronal networks in a multi-well prototype


For the analysis of the 3D neuronal network and the examination of neuronal structures, it is in-
dispensable to have specific labeling which highlights the particular structures or cells of interest 
and facilitates its localization in 3D. For that reason, an immunocytochemistry (ICC) protocol was 
adapted for the staining of 3D neuronal networks after the fixation of the hydrogel. 


The initial testing of the 3D immunolabeling was carried out in a multi-well µ-Slide plate plat-
form from the ibidi GmbH company, which has a similar design as the PDMS-inserts 'well-to-well' 
presented in the previous chapter and a thin substrate of 180 µm, making it suitable for the pla-
ting of 3D neuronal networks (Figure 7.12). 


The first difficulty to overcome for the adaptation of the protocol to thicker samples was the 
fixation of the hydrogel. However, due to the high permeability of the Matrigel matrix, a longer PFA 
incubation step was sufficient to fix and preserved the neurons in 3D. For a proper perfusion and 
uniform 3D labeling with the antibodies, incubation steps with the first and second antibody were 
prolonged as well as the washing steps to remove most of the residues. The result was 800 µm 
thick hydrogel stained with a better fluorescent signal in the top area.


FIGURE  7.12. ICC OF 3D CELL CULTURES IN A MULTI-WELL PLATE. 
Representation of one well of the multi-well µ-Slide plate (ibidi) and the labeling process. Antibodies pipetted into the 
medium diffused into the hydrogel with improved staining of the top sections of the hydrogel. Images were acquired 
with an inverted confocal microscope and objectives with long working distance obtaining sharp focus over the first 
300 μm (bottom-top) (created with biorender.com).


Objectives with a long-working distance were employed to capture the maximum section of the 
immunostained hydrogel. However, the light scattering of fluorophore emission from the bottom 
areas made high-quality imaging of top areas more difficult. The maximum thickness of the 3D 
images acquired with a high-resolution was approximately 300 µm (Figure 7.12). After the image 
acquisition, 3D-processing was performed for the reconstruction of the three-dimensional structu-
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res. Some exemplary results are represented in Figure 7.13 like staining neuronal structures as 
dendrites, axons, functional synaptic proteins, or different cell types. In short, the implementation 
of the ICC for 3D cultures, together with the adaptation of the microscopy technique, made the 
visualization of neuronal structures in the 3D culture and its subsequent quantification possible.
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FIGURE  7.13. IMMUNOLABELING OF 3D NEURONAL NETWORKS. 
3D images after ICC. In the left column, the hydrogel is fixed and stained, in the right column, the same image is depic-
ted with iso-surface generated by IMARIS software for a better evaluation of the structures.

A. Staining of dendrites in red (MAP2) and axons in green (SM1) (See supplementary video 5). B. Labeling of pre and 
post-synaptic proteins in neurites (green), Synaptophysin (red), and Homer (blue), respectively. C. Staining of 3D neu-
rons (TUBB3) (green) and astrocytes (GFAP) (yellow). D. Labeling of microglia (Iba1) (red), astrocytes (yellow) and neu-
rons (green).
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7.2.6. Testing other neuronal-compatible hydrogels to create the extracellular matrix


In all experiments mentioned above, the Matrigel matrix was used for the growth of 3D neuronal 
cultures. Although this hydrogel supported the growth and development of mature neuronal net-
works, it decreased its volume in a cell density-dependent manner after the first week in vitro. The 
higher the number of neurons seeded, the faster the Matrigel shrinking was (Figure 7.14). With the 
absence of cells, shrinkage was not noticed. One possible explanation for the shrinking of the hy-
drogel is the traction force exerted by neurites when extending over the extracellular matrix [143]. 
The higher the neuronal density was, the greater the number of neurites applying traction in the 
opposite direction to their growth. The solution was to reduce the number of neurons plated per 
hydrogel.


FIGURE  7.14. SHRINKING OF MATRIGEL MATRIX IN THE MC AFTER 13DIV. 
3D Reconstruction of live-labeled hippocampal neurons plated at 15 k/uL in 75% Matrigel. The hydrogel is reduced 
almost 50 μm on one side of the MC after 13DIV. This shrinkage is directly cell-density-dependent.


However, the minimum cell density was limited by the survival of the neurons within the first DIV. 
The initial synaptic contacts between neurons is a vital feature for the survival and development of 
this type of primary cells. Therefore, reducing cell density in this chip was not a solution to the 
problem but rather a loss of control of the number of cells and survival rate. For that reason, diffe-
rent commercially available hydrogels were tested for the growth of neurons in 3D (Table 7.1), in 
order to to find a substitution to the Matrigel matrix. 
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TABLE 7.1. DIFFERENT HYDROGELS TESTED FOR THE GROWTH OF 3D NEURONAL NETWORKS. 
Between the eleven types of hydrogels tested for the growth of neurons in 3D, only two gave successful results.  
Mal-PVA: maleimide groups on polyvinyl alcohol. CD-Link: thiol groups on a PEG-peptide conjugated. RGD-Dextran: 
RGD peptide conjugated with dextran polymer. MMP: matrix-metalloproteasen. 16aa RAD-I: 16 amino-acid synthetic 
peptide of 16amino-acids with the motif arginine - alanine - aspartic acid. StarPEG: four-arm poly(elylene glycol) poly-
mers bind to peptides or proteins positively charged. PIC: polyisocyanopeptide. 

N = natural hydrogel. S = synthetic hydrogel.
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7.2 Results 


Initially, hydrogels were studied by inert magnetic beads in 3D to evaluate the gelation process, 
matrix transparency, and homogeneity. Once these steps were established and results were re-
producible, the viability of neurons was examined by plating primary hippocampal cells in 3D, ob-
serving their development over time by optical microscopy. As indicated in Table 7.1, most of the 
hydrogels did not support the growth of neurons despite having a good gelation process and 
building a structured scaffold. In some cases, sprouting neurites were observed after a few days 
in vitro, but the number of live neurons was very limited in relation to the number of cells seeded. 
Guided by the suggestion of the hydrogel companies and the comparison to Matrigel, different 
adjustments to the hydrogels stiffness and its composition were tried to make the scaffold suita-
ble for the growth of neurons (see functionalization and stiffness columns of Table 7.1).


However, among all types of hydrogels, only one proved to be comparable to Matrigel, the 
enzymatically cross-linked hyaluronan hydrogel. This hydrogel was already tested for the growth 
of 3D neurons and its use was established by collaboration with the ETH Institute in Zurich. The 
enzymatic hydrogel is based on hyaluronic acid (HA), a central component of the CNS ECM. The 
HA glycosaminoglycans, associated with reactive glutamine or lysine, are cross-linked using the 
transglutaminase (TG) activity of the previously activated coagulation factor FXIII. As a result, it  
created a stable and transparent scaffold suitable for our microfluidic system [144]. One day after 
the encapsulation of the neurons, AAV was added to the medium for the expression of GFP and 
better examination of the neuronal morphologies. 


As illustrated in Figure 7.15, the distribution of neurons in the channels is similar to Matrigel 
based cultures. Moreover, despite having slower growth, neurites extended in all directions and 
grew through the microtunnels, facilitating the electrical activity recording. The neuronal cultures 
were possible to be maintained up to 4 weeks in vitro without visible shrinkage. However, the sur-
vival rate of the neurons during the first DIV seemed to be lower than in Matrigel cultures in most 
of the experiments. Also, at higher magnification, the rounded shape of most of the cell bodies as 
well as bulbous swellings in some neurites could be observed (Figure 7.15.B, C).


The spontaneous electrical activity of 3D neurons growing in the enzymatic hydrogel was re-
corded after 13DIV to be compared to the Matrigel data. Most of the electrodes recorded the acti-
vity of the neurites, and the reservoir electrodes did not capture any signal (Figure 7.16.A, B). As in 
Matrigel experiments, spikes were arranged into bursts and synchronized over most recording 
electrodes, although the firing frequency was considerably reduced. The percentage of spikes in 
bursts was lower than in the Matrigel cultures, and the action potentials were more widely distri-
buted, as indicated by the ISICoV. Overall, the results suggested that although the electrical acti-
vity is comparable to Matrigel, neurons growing in enzymatic hydrogel had a slightly more imma-
ture electrical activity or a slower development time, which could correspond to the lower viability 
of cells observed by microscopy. A comparative study at a later time point in culture is necessary 
to confirm this assumption; however, this was not feasible due to the shrinkage of Matrigel in this 
microfluidic device.
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FIGURE  7.15. MORPHOLOGICAL ASSESSMENT OF 3D NEURONS IN ENZYMATIC HYDROGEL. 
Reconstructions of neurons live-labeled after transduction with AAV1.hSyn.eGFP.WPRE.bGH. Neurons were distributed 
over the two MCs of the chip (A). The neurites extend in all directions and cross the microtunnels connecting both po-
pulations of neurons. Most of the hippocampal neurons were round in shape (B) and in some cells neurites presented 
bulbous swellings (C). See also supplementary video 6.


In summary, this enzymatic HA-based hydrogel met most of the requirements for the growth of 
CNS neurons in 3D and was compatible with the multi-layer microfluidic chip. Moreover, it impro-
ved long-term 3D cell cultures of neurons compared with Matrigel due to the absence of shrinka-
ge or degeneration. On the other hand, despite its high stability after plating, the reproducibility of 
the gelation process was lacking compared to Matrigel. The alteration of any of its components 
modified the polymerization performance, affecting the neuronal viability and complicating the re-
production of the experiments. Therefore, despite being a good, if not the only, alternative to Ma-
trigel matrix for long-term 3D neuronal cultures, the low reproducibility of the data makes this hy-
drogel inadequate for the establishment of a new microphysiological system. Due to the absence 
of another synthetic hydrogel that supported the growth of 3D neurons, the new microfluidic sys-
tem should be designed to contain a larger volume of hydrogel per compartment, supporting the 
reduction of cell density and thus, delaying the shrinking of the Matrigel.
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FIGURE  7.16. FUNCTIONAL ASSESSMENT OF 3D NEURONS IN ENZYMATIC HYDROGEL. 
Spontaneous activity of neurons growing in the enzymatic hydrogel was analyzed in the multi-layer chips after 13DIV.  
A. Raw data recorded in one well of the chip. The 19 recording electrodes captured spontaneous activity while the refe-
rence electrodes did not capture any signal. B. The bursting activity was synchronized over the different electrodes.    
C. After recording, different electrophysiological parameters were analyzed to compare to Matrigel cell cultures: spike 
rate, ISICoV, burst frequency, and percentage of spikes in bursts. Error bars indicate the SD of at least 5 wells of the 
multi-layer chip.  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7.3. Discussion 
In this chapter, the microfabrication technique and the design of the microfluidic system has been 
modified and improved. Also, the throughput of the device was increased, the ICC for morpholo-
gical study of the neurons was implemented, and different hydrogel alternatives to Matrigel were 
tested. To review the results and define the following steps in the next chapter, the implemented 
strategies for the technical and biological modules of this system should be discussed separately.


Firstly, the MF format was redesigned, preserving the elemental microtunnel structure that se-
parated two compartments and communicated within the two neuronal populations. Moreover, 
the throughput was improved to twelve independent experiments, with a 384-format and confined 
in a 256 MEA, conveniently making the multi-layer system compatible with the multi dispensing 
pipettes and the commercially available MEA recording system. This MF layout facilitated the me-
dia change and the addition of the compounds in six wells at once with electronic pipettes, redu-
cing working time and assuring the same treatment in all wells. Furthermore, with the new design, 
the 3D neuronal circuits have more homogeneous perfusion from top to bottom without altering 
cell viability over time in culture. In essence, this new multi-layer microphysiological system is 
more suitable than the PDMS prototype for screening studies and for a more sophisticated analy-
sis of 3D neuronal cultures but it can still be further improved.


In the MCs, there were small regions of the hydrogel that were not covered by the medium lane 
and therefore, they had lower perfusion than the areas with direct contact to the medium (see Fi-
gure 7.3.A). Moreover, the perforated mesh does not provide any clear protection from shear 
stress, and the Matrigel matrix in the multi-well µ-Slide plate (ibidi) did not get damaged after the 
direct application of medium on top. The hollowed mesh is, therefore, a complicated microfabri-
cated structure that can be discarded in future MF systems that employ Matrigel. Another critical 
challenge of this MF design was the limited volume of hydrogel per compartment (less than 1 µl) 
and its accumulation in the reservoirs. Further microphysiological system designs should contain 
a larger volume of hydrogel per experiment and a more homogeneous distribution.


Regarding the new microfabrication technology, UV-lithography and lamination of epoxy pho-
toresists ensured the fabrication of personalized 3D MF structures with a resolution of 3 µm and 
adaptable to the MEA substrates. The SU-8, SUEX, and ADEX are photoresist materials compati-
ble with neuronal cell culture after complete curing process [145]. Moreover, despite having a lo-
wer milling resolution, the COC polymer results ideal for generating the thicker structures of the 
microfluidics, due to its gas impermeability, optical transparency, and material inert [146]. All the 
materials employed in this new device were easily sterilized and hydrophilized by oxygen plasma 
treatment [102, 146, 147]. Also, the multi-layer format allowed the redesign of individual structures 
by the production of a new exposure mask that modifies only one specific layer. For instance, to 
change the diameter of the mesh, only different masks were needed for the third layer, keeping 
the rest of the manufacturing process unchanged. 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Nevertheless, the microfabrication had a complicated and long production time with a success 
rate of approximately 50 % when considering the MEA and all the manufactured layers. It required 
a highly qualified expert in the cleanroom working for two weeks for the complete fabrication of 
one device. This significantly increased the production costs that were already higher compared 
to PDMS material due to the requirement of multiple exposure masks for the different layers. Mo-
reover, despite being a reusable easy-to-clean system, the life span of the device was limited to 
10 to 15 times, after which the photoresist started to delaminate and the COC multi-well to de-
tach, causing some leakage in the MF chip. Cleaning with a less aggressive detergent might pro-
long its uses but does not ensure the degradation of biological rest, especially in small structures 
as microtunnels. In summary, the reusability of this multi-layer system partially compensates for 
the higher financial investment in its production. However, the marked goal was to achieve a more 
stable and robust microfluidic device that does not interfere with the physiology of the neuronal 
cultures. The observed microfabrication defects after 10 uses are probably a long-term conse-
quence of alterations that might affect the neuronal culture.


Concerning the morphological assessment, the results showed that the new microphysiologi-
cal system is also compatible with light microscopy techniques and that the 3D neuronal circuits 
can be examined after the expression of eGFP. The reproducibility, in terms of the number of cells, 
viability, and neurites density, can be analyzed in twelve individual experiments at once with fluo-
rescent microscopy. That is the most significant advantage compared to the PDMS prototype sin-
ce it allowed to verify that all the neuronal populations are morphologically similar, making possi-
ble the application of different treatments to each well.


On the other hand, the fluorescence of eGFP increased in time and was not homogeneous in 
the different parts of the neuron. As expected from this AAV transduction technique, the green 
fluorescence intensity was much higher in the cell bodies, where GFP protein gets accumulated, 
than in dendrites and axons [148]. Eventually, a GFP fused to an axonal protein will improve the 
localization [149]. Moreover, the autofluorescence of the photoresist impeded the tracking of the 
neurons through the microtunnels. For obtaining high quality images of the neurites, it was neces-
sary to subtract autofluorescence by post-processing of the 3D image reconstruction.


The striking point of this multilayer microphysiological device is the non-invasive recording of 
the electrical activity of 3D neural circuits. The new microfluidic design conserved the microtunnel 
structure that has a high capability for entrapping neurites from both MCs. The recording perfor-
mance demonstrated 100 % of active electrodes in the microtunnels, in contrast to 3DMEA [80]. 
Also, in this system, there were electrodes of higher dimensions located in the reservoirs, two 
control electrodes per experiment. The incapability of capturing the electrical activity in these 
electrodes corroborated the theory of the implemented MEA presented above. The activity of 
non-adherent neurons embedded in the 150 µm of the hydrogel cannot be captured by classical 
electrodes integrated on the MEA. However, it is evident that the diameter of the electrodes has a 
significant influence on its impedance, and it is directly proportional to its record capacity [150]. 
The reservoir electrodes have a diameter of 940 µm and the electrodes in the microtunnels 25 µm, 
but only part of it is exposed and functional (see Figure 7.7). This size difference explained why in 
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some cases it was feasible to capture spikes of a smaller amplitude in the reservoir electrodes. 
However, it should be noted that the likelihood of capturing electrical activity is highly variable, as 
in 3DMEAs, since it depends on the location of the neurons and the distance between the neuro-
nal soma to the electrode surface. In addition, the dimensions of the reservoir electrodes are not 
compatible with a system with multiple experiments in a MEA device.


The recordings ran for more than 10 minutes at room temperature during which the pH and 
temperature of the medium might change and interfere with the physiological environment of the 
neurons. The impact of these environmental alterations on the electrical activity was not quanti-
fied, but the small volume of media in this system is extremely sensitive to evaporation and chan-
ges in pH. The temperature in these experiments was just controlled with the thermal plate of the 
recording system located on the bottom of the device. However, there was no incubation cham-
ber and no way to control the exact temperature of the media. Also, the lower concentration of 
CO2 in the room air might induce changes in the media carbonic acid buffer and, therefore, altera-
tions in the media pH. Likewise, as observed with the medium application, the variation of the 
media composition during the drug delivery studies interfered with the functional physiology of 
the neurons, altering their electrical pattern. One fifth of the total volume was substituted in each 
well for fresh medium (18 µL/experiment), increasing the firing frequency of the neuronal network. 


The PTX and TTX, at 3 µM and 0.1 µM, respectively, had an evident influence in the sponta-
neous activity. However, the effect of lower concentrations of PTX and TTX, or of compounds with 
a more sophisticated mechanism of action, might be hidden by the stimulation evoked by the ad-
ditional medium. Ideally, a less invasive procedure should be established to avoid the functional 
alteration of neurons in control experiments and to guarantee the recording of the compounds’ 
effect. On the other hand, the lack of an incubation chamber during the recordings implied wor-
king in an unsterilized environment. Therefore, to avoid possible contamination, experiments on 
the same neuronal population could not be repeated at different time points, meaning that the re-
cording approach was not suitable for comparative development studies or long-term evaluations.


Another readout established during this chapter was the immunolabeling of fixed 3D neuronal 
networks. The main advantage of this technique is the highly detailed morphological analysis and 
the more accurate study of the neuronal network composition. Employing commercially available 
antibodies for 2D ICC and implementing the protocol for better hydrogel perfusion, it was possible 
to mark the microglia, astrocytes, and neurons, as well as, sub-cellular regions like axons, dendri-
tes, and pre and post-synaptic areas separately.


However, the acquisition of 3D images with a high deep resolution was hindered by the disper-
sion of fluorescence. With the imaging by inverted microscopes, the fluorescent labeling shar-
pness of the upper hydrogel section was affected by the photonic interaction of the laser with the 
lower part of the sample. Therefore, in the upper areas, there was an increased SNR and out of 
focus fluorescence. For that reason, the maximum section imaged with high quality was approxi-
mately 300 µm.


In conventional fluorescence microscopy of 3D cultures, the depth resolution is determined by 
the number of multi-planar slices and the interval distance between them [151]. Generally, depth 
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resolution is substantially worse (-x2) than the resolution in the lateral dimensions, due to the 
point spread function [152]. On the other hand, the thickness of the optical slice in the 3D sectio-
ning depends on the wavelength, the numerical aperture of the objective, immersion medium, and 
the pinhole of the confocal microscope [151]. For focusing at hundreds of microns from the co-
verslip, it is required long-working distance objectives without immersion, which implies lower 
numerical aperture and reduction of the resolving power. Additionally, the continued light exposu-
re can lead to problems of phototoxicity, irreversibly bleaching the sample. Therefore, the micros-
cope technique and the magnification employed had to reach a compromise between the time-
resolution, area imaged, and the Z-resolution, and must match the biological question in hand. 
For example, for the study of bigger sections of the hydrogel, to quantify the number of neurons 
or glia, was suitable the employment of low magnification objectives in a confocal microscope 
with spinning disc head, collecting tiles of images in multiple Z-stacks in a short period of time. 
However, for higher resolution images, as for the acquisition of pre- and post-synaptic areas or 
types of neurites, a confocal microscope with point scanning technique was preferred since it re-
jects the out-of-focus fluorescence improving the resolution in Z.


Lastly, the other implementation performed with this multi-layer device was the modification of 
the hydrogel scaffold. The Matrigel shrinkage, the batch-to-batch composition variability, and the 
weak concentrations of glycosaminoglycans led to the search for synthetic alternatives to support 
the 3D neuronal network cultures. The Matrigel shrinkage and the detachment from the MCs sides 
were directly related to the cell density and time in culture. However, the reduction of the cell den-
sity was limited by the intrinsic viability of the neuronal culture. Also, the MCs aspect ratio might 
have an impact on the speed of the shrinking. In this multi-layer system, the width of the MCs was 
almost three times higher than the height, creating uneven forces from the neurites growing in the 
hydrogel. A more compensated MC design is expected to balance the tensile forces of the neuri-
tes and, therefore, delay the lateral shrinkage of the Matrigel.


As an alternative, ten different hydrogels were tested. First, inert micro-beads were utilized to 
analyze the gelation process and homogeneity, and subsequently, primary neurons to validate the 
support of the 3D cell culture. The inconsistency of the results, the low reproducibility, or the lack 
of transparency and homogeneity led us to discard several hydrogels during the initial polymeriza-
tion tests. Others had a more straightforward polymerization but did not support the growth of 
neurons for various reasons like the composition, pH, mechanical forces, or stiffness. Among all 
hydrogels tested, only the star-PEG-Heparin and the enzymatic hydrogel promoted the sprouting 
of neurites and the replication in multiple experiments (see Table 7.1). Unlike the others, these two 
hydrogels were characterized previously with primary or human-derived neurons [61, 144].


star-PEG-Heparin components were obtained through the collaboration with the DZNE Institu-
te of Tübingen. It chemically consists of crosslinked star-PEG with heparin and has adaptable 
structural and physical properties [153]. However, the preparation of the hydrogel was not suitable 
for the microfluidic format. Dissociated neurons have to be mixed with the star-PEG solution and 
placed in the culture device for the later addition of heparin and the consequent promotion of the 
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gelation reaction, resulting in an  in situ  formation of the hydrogel. Therefore, due to the challen-
ging adaptation to MF systems, this hydrogel was excluded as an alternative scaffold.


On the other hand, the enzymatic hydrogel fulfilled all the requirements to be employed within 
MF systems. It is a crosslinked HA hydrogel using transglutaminase (TG) and the coagulation fac-
tor FXIII. The reaction is enzyme-dependent, and the gelation speed varies with concentration. 
Also, the stiffness is malleable with the variation of HA-TG concentration. The main advantage of 
this synthetic hydrogel is its composition; HA is one of the main components of the ECM in the 
brain. In addition, it is suitable for MF systems, stable in culture, and possible to degrade for cell 
harvesting [144]. 


The morphological and functional results were similar to the Matrigel. A comparative study was 
performed with neuron cultures from the same preparation to analyze the differences under the 
same conditions. The neuronal network embedded in enzymatic hydrogel presented a slower de-
velopment, and slightly lower viability in the first DIV, which corresponded to the less matured 
electrical activity recorded after 13 DIV. Moreover, the neurons growing in 3D were more rounded 
in shape that in Matrigel and presented bulbous swellings in the neurites of questionable physio-
logical nature. These results, together with the higher reproducibility of Matrigel-based experi-
ments and the expected improvement of the MF design, led to the ruling out of this synthetic hy-
drogel despite being the only alternative for long-term studies.


In conclusion, the results obtained with the previous designed microphysiological systems (see 
Figure 7.4) and the multi-layer device ensured the groundwork for the microfabrication of a new 
3D neuro-microphysiological system. This novel device might guarantee more straightforward and 
reproducible production, a higher volume of hydrogel, lower neuronal cell densities, and re-usable 
materials. The following chapter describes the new concepts introduced with this novel brain-on-
chip technology and the additional implementations carried out to complete its validation for 
compound screening and disease modeling studies. 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8. Final brain-on-chip with implemented  
microfabrication and a new neurite-based  
recording structure


8.1. Introduction 
Considering the instability of the photoresists in the multi-layer system, alternative materials have 
to be examined to implement the new device. The newly selected MF material has to fulfill all es-
sential characteristics of previously utilized polymers and/or photoresists, whilst also overcoming 
the issue of lack of reproducibility and instability. Also, it must guarantee the same or higher reso-
lution during manufacture and must be optically transparent, reusable, and easy to clean. 


An excellent candidate is glass, a highly thermostable product with less surface change and 
higher resistance to oxidation than negative photoresists [102]. Glass is preferred for multiple in-
dustrial processes due to its ease and reliability of use. Indeed, there are precedents of its utiliza-
tion for the manufacture of MF technologies [154-156].


One possible technique to modify the glass is the In-Volume Selective Laser-induced Etching 
method (ISLE) that generates structures with a resolution of 100 nm and rounded sidewalls. This 
process is compatible with MF technique, as it allows the production of a robust monolithic piece 
with engraved pre-selected design [154]. This microfabrication method has two principal advan-
tages, namely: it reduces the possibility of delamination, and it incorporates the intrinsic benefits 
of glass into the device. ISLE is a two-step process. First, an ultra-short-pulse laser irradiates the 
monolithic piece of glass, modifying the inner parts. Second, the whole piece is immersed in a 
solvent and the modified areas are removed, producing a hollowed single structure of glass [157]. 
In short, this technique can produce custom microfluidic designs directly from CAD data with high 
reproducibility and in a considerably short time [155].


However, this high-quality production technique is costly, and substrate binding is more com-
plicated since glass is an inert material with low affinity [156]. Following the design of the multi-
layer device, the new monolithic glass must be attached to the MEA substrate which holds the 
microtunnels, patterned by SU-8 lithography. However, glass to SU-8 direct welding is a highly 
complex process that requires high temperatures and high pressures, which is not always compa-
tible with the electronics of the MEA substrate [158]. 


 During this project, several protocols of pressure and temperature were tested with substrates, 
without electrodes and coated with a thin layer of SU-8. Additionally, to promote the bonding, the 
MEA substrate was replaced with fused silica (quartz) to establish that both the ISLE MF piece 
and the MEA have a similar coefficient of thermal expansion. Moreover, the monolithic MF piece 
was treated with a silane coupling agent called; APTES, 3-aminopropyltriethoxysilane. The link  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between the amine groups in APTES and the oxirane ring located inside epoxy groups of the   
SU-8 was expected to strengthen the MEA-MF bonding [159] (See Figure 8.1.B). Initially, the re-
sults were promising but proved hard to reproduce, not durable with the passing of time, and in-
compatible with MEA substrates of 1 mm thick quartz. Therefore, this welding method was dis-
carded, which left the unique solution of the direct adhesive bonding of quartz-to-quartz (MF-to-
MEA) by epoxy-cured glue. However, this approach implied the redesign of the MF device and the 
removal of the intermediate photoresist layer that formed the microtunnels. Hence, the new neuri-
te-based recording structure has to be reshaped and confined to single MCs to allow the direct 
bonding of the MF glass to the MEA.





FIGURE 8.1. SU-8 AND FUSED SILICA APTES COATED BONDING. 
A. Top view of 3 µm SU-8 microtunnels bonded to fused silica APTES-treated, and side view after dicing. The substrate 
with SU-8 is 200 µm and the APTES-treated 1 mm thick. Bonding temperature was 170°C and maximum pressure 
15 kN ramped at 10 kN/min up and down and kept for 15 min. Images acquired by Dr. Peter D. Jones. B. Coupling 
reaction between APTES and epoxy groups of the SU-8. C. Top view of a region of the MF which demonstrated the 
bonding with almost no defects.


Once the bonding challenge was solved, the MF layout has to be reshaped. The structure revision 
needs to consider the support of more homogeneous perfusion and housing of a larger volume of 
hydrogel and media. Additionally, the new MF and MCs dimensions should fit with the 384 multi-
wells formats and ensure the same performance of 12 experiments per MEA.


Concerning the dispensability of the perforated membrane, there are precedents of MF de-
signs with direct contact between the neurons embedded in the hydrogel and the medium, sho-
wing an appropriate diffusion of oxygen and nutrients without damaging the scaffold [35, 72, 89]. 
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Furthermore, the Matrigel matrix in the 'well-to-well' insert did not show any damage after the ap-
plication of the medium (see Figure 7.12, 7.13). Therefore, based on these results and the availa-
ble literature, the perforated membrane that separates the two lanes in the multi-layer system is 
discarded in this new design. The aim is to preserve the 'top-to-bottom perfusion' for drug appli-
cation purposes, ICC, pipetting, and cell seeding, since all these had a standardized protocol 
complementary to this configuration.


Based on the surface tension properties of the medium and the liquid hydrogel, the MC can be 
designed to contain multiple lanes inside each other (Figure 8.2). The difference in width among 
lanes supports the liquid volume control in each lane without the need for an intermediate micro-
fabricated barrier. An explanation of this phenomenon from a molecular point of view facilitates 
the understanding of this MF design.


The molecules in a liquid experience equal cohesion forces from all directions. These intermo-
lecular forces hold the liquid together in a lane. The surface tension of a liquid inside a lane (e.g. 
bottom lane) is dependent on the type of liquid and the amount of energy needed to increase the 
liquid’s surface area [160]. The molecules on the liquid’s surface, in the bottom lane, experience 
uneven forces due to the absence of liquid in the second lane, while those located on MC's sides 
are exposed to adhesion forces that differ according to the hydrophilicity of the MF material. The 
compensation between the adhesion and cohesion forces determines the physics of the fluid in 
the lane [160]. The MF glass is highly hydrophilized after the plasma treatment, so the adhesion 
forces are dominant. Therefore, to avoid the liquid overflow and the contact of its molecules with 
the sides of the next lane, the width of the consecutive lanes increases sequentially. This design 
ensures the fine control of the hydrogel volume in the first lane and the minimum meniscus at the 
surface of the liquid before its polymerization, avoiding intermediate microfabricated structures.





FIGURE 8.2. CROSS-SECTION OF THE MC AND LIQUID SURFACE TENSION. 
The bottom lane contains the hydrogel, and the middle and upper lanes contains the medium. In the liquid, the molecu-
les have equal cohesive forces in every direction, resulting in a net force of zero. However, the molecules at the hydrogel 
or medium surface are not surrounded by the same type of molecules, and they are pulled inward by cohesive forces. 
The adhesive force to the MF walls differs according to the material and its hydrophilicity. Illustration not drawn to scale 
(created with biorender.com).


66

http://biorender.com


	 	 8.1  Introduction 


Regarding the neurite-based recording structure introduced in this chapter, it is required that the 
new design ensures a maximal number of entrapped neurites and allows capture of electrical im-
pulses traveling through these neurites while fitting inside a single MC to support quartz-to-quartz 
adhesion. As discussed in the introduction to chapter 6, the sealing resistance generated by the 
covering structure facilitated the recording of electrical impulses from the neurites (Figure 6.2). 
The new microfabricated round structure, referred here as the igloo, implements the MEA by con-
fining 3D neurites and amplifying the signal (Figure 8.3). Each gold electrode of the MEA is cap-
ped by individual igloos that are fabricated by photolithography and lamination techniques. The 
smaller dimensions of these structures, compared to the photoresist layers of the multi-layer sys-
tem, guarantee a lower internal tensile stress after the post-development baking. Also, the thinner 
dry film photoresist and the reduction to two microfabricated layers is expected to decrease the 
stress over time and the possible delamination [140]. Additionally, compared to the microtunnels 
of the multi-layer microphysiological device, the igloo format is less restrictive since it does not 
force the neurites to grow through tunnels that divide two compartments. In this case, the neurites 
are trapped by a random 3D growth process in the tunnels and allow the entering of neurites from 
different directions, increasing the recording probability. Figure 8.3 illustrates the concept of the 
igloo structure for the new brain-on-chip device. This new neurite-based recording model was 
submitted as an additional modification of the filed patent [97]. The optimal design is determined 
based on its dimensions and the ability to entrap neurites of the 3D culture.





FIGURE 8.3. DETAILED IGLOO STRUCTURE. 
A. The igloos are fabricated capping the tip of each electrode insulated with silicon nitride. B. The exposed section of 
the electrode is located in the center of the igloo structure. Several microtunnels connect the central part of the igloo to 
the opened area where the neurons are growing in three-dimensions. C. Free growing neurites are entrapped in the mi-
crotunnels narrowing the distance between the electrode and the neurite membrane.

Source: illustration made by Dr. Peter D. Jones for the patent application [97].
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8.2.Results 
The technique selected for the fabrication of the new microfluidic was the 3D ISLE. However, the 
change in the microfluidic material made its attachment to epoxy-resins impossible and, hence, 
the use of microtunnels as a recording structure to capture the activity from 3D neuronal net-
works. The recording structure which confines the neurites had to be reshaped in a more simple 
design that allowed the direct bonding of the MF glass to the MEA substrate. This chapter aims to 
elucidate the inner working of the igloo structures, its integration in a 12-well MF chip. Also it de-
monstrates the combination of the recordings with functional imaging read-outs and the validation 
of the system with primary 3D neuronal cultures.


8.2.1. Development of a new recording structure based on the electrical signal quality


Different design factors had to be considered for the optimal layout of the new recording structu-
re, named igloo. The alterable parameters in this design were the number of microtunnels and 
their dimensions. A combination of these parameters was studied by the recording of 3D neuronal 
networks after the fabrication of the igloo structures on classical 256-MEA by UV-exposure and 
lamination. The minimum width and height of the igloo-tunnels was 3 µm to ensure the repeatabi-
lity of the fabrication process. Herein, the number of openings and their distribution was limited by 
the lamination process in the sense that the opening arc could not be smaller than 3 µm or the 
laminated cap would not have enough support and would collapse. In contrast, the diameter of 
the igloo structure could be enlarged, but taking into account the fitting in a 256-MEA format.


FIGURE 8.4. A SAMPLE OF IGLOO STRUCTURE COVERING A RECORDING ELECTRODE. 
Confocal images of hippocampal neurons transduced with AAV1.hSyn.eGFP.WPRE.bGH for GFP expression after one 
week of growing in 2D (A) and immersed in Matrigel (B). 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The optimal design was selected according to the frequency of activity, percentage of active elec-
trodes, and the SNR recorded (see appendix 1). Considering the limited number of igloo structu-
res per well (21) in a device of 12 independent experiments, the benchmark for a design approval 
was at least an 80% of active electrodes and 3-fold SNR after one week in vitro and a culture with 
10-5k of neurons/µL as standard settings. 


Initially, igloo structures were designed with a range of 40 to 150 µm of diameter, 5 to 7.5 µm of 
tunnel width, and 2 to 6 openings. These new structures and growth of the neurites were tested 
with neurons in 2D and 3D. Figure 8.4 shows an example of the same igloo with neurons growing 
attached to the substrate and neurons in 3D. The dimensions of the igloo make the recording  
structure less restrictive than the microtunnels of the multi-layer device. Neurites were freely gro-
wing in different directions in a higher volume of hydrogel; therefore, the igloo design mimics the 
3D random growth of neurites in vivo better than the previous design.


Neuronal activity was recorded for 3 minutes after one week in vitro (7-8 DIV). The algorithm for 
the data analysis detected every single spike and marked the maximum negative peak of each. 
From that data, the SNR, frequency, and percentage of the active electrode, considering 0.8 Hz as 
minimum frequency, were calculated. Figure 8.5 shows the activity performance of these igloo 
structures grouped by the three design factors; diameter, number of openings, and width of the 
tunnels. The recording experiment was repeated three times with the same number of cells,   
10 k/µL, after one week in culture.


As expected, the results of the 2D cell cultures confirmed a higher percentage of active elec-
trodes and spike rate (Figure 8.5.B). Neurites attached to the substrate are more likely to be en-
trapped by the tunnels than neurons immersed in the hydrogel. In 2D cell culture, the whole cell 
body of the neurons grew in the same plane as the tunnels, while in 3D, the neurites had more 
degrees of freedom for growing in all directions.


The active percentage of igloo structures was unsatisfying, considering that the marked goal 
was 80%. Only the igloos with a diameter of 150 µm had an active percentage close to 40 % (Fi-
gure 8.5.C). Moreover, it was unexpected that the electrodes with 6 openings did not perform bet-
ter than those with 2 or 3 openings in the sense of active percentage and spike rate recorded (Fi-
gure 8.5.D). This is likely due to the compensation between the higher probability of trapping neu-
rites with a higher number of openings and the consequent decrease in seal resistance. Lastly, the 
microtunnels width did not have any effect on activity performance (Figure 8.5.E).
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FIGURE 8.5. ACTIVITY PERFORMANCE SUMMARY OF GROUPED IGLOO DESIGNS. 
A. Different igloos distributed in a classical 256MEA for testing purposes. Picture acquired after the hard-baking step. 
The charts represent the active electrodes (blue), the SNR (orange), and the spike rate (grey) recorded by igloos in a 2D 
cell culture (B) or a 3D cell culture (C, D, E). Different igloos were grouped by diameter (B,C), number of openings (D), 
and tunnel width (E).


As shown in Figure 8.6, the seal resistance of the igloo structure was directly related to its diame-
ter and negatively influenced by the number of openings. The larger diameter increased the seal 
resistance, but the higher number of openings created a more hollow igloo which reduced it. The-
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refore, the optimal igloo may have to be a compromise between the number of openings and high 
seal resistance. The balance was found by the use of, what we denominated fractal design tun-
nels, which increased the openings branching the microtunnels with a minor impact of the seal 
resistance. 


FIGURE 8.6. SEAL RESISTANCE CALCULATED FOR VARIOUS EXEMPLARY IGLOO DIMENSIONS. 
The seal resistance increases with the larger igloo structures and is reduced with an increased number of openings.  
The lines switch to dots when the number of openings was physically incompatible with the given diameter. Numerical 
percentages indicate active electrodes for each type of igloo structure. 


Figure 8.7 shows the following igloo designs with diameters from 200 to 300 µm, a width of 5 µm, 
and a number of openings from 2 to 24 with and without fractal designs. With the same number of 
openings, the fractal design increases the theoretic seal resistance around 1.5 times. As demons-
trated by the confocal images, after one week in vitro all structures have few neurites crossing the 
microtunnels.


The igloo performance was studied again with the recording of 3D neuronal networks after 
7 DIV. Figure 8.8 summarizes the results per each igloo structure of three individual experiments. 
In this case, most of the structures met 80% of active electrodes, but only D200S2F0, D300S12-
F2, and D300S24F2 showed an increased SNR compared to previous designs. It is worth noting 
that despite the increased seal resistance, the essential purpose of the igloo was to trap 3D su-
rrounding neurites. As demonstrated in the data analysis, the igloo structures with higher resis-
tance like D300S2, do not always show the best performance. 
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FIGURE  8.7. IGLOO DESIGNS WITH A HIGHER DIAMETER, NUMBER OF OPENINGS, AND FRACTAL DESIGNS. 
A. Picture of the 256MEA after production of the igloo structures by lithography and lamination. B-E. Igloos with 200 µm 
of diameter and different number of openings. F-K. Igloos with 300 µm of diameter. The fractal designs of E, J, and K 
increased the seal resistance compared to igloos with the same number of openings, D,  H, and I, respectively.
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The spike rate was remarkably increased by the number of openings in igloos with the same dia-
meter, which proved that with a higher number of openings, the neurites had better chances to 
find the microtunnels, and consequentially the electrodes captured a higher number of spikes. 
Although with longer-term cell cultures, neurites would have more time to cross the different igloo 
structures, the experiments were restricted to one week in vitro due to a time-limiting factor and 
possible Matrigel shrinkage. Finally, the selected igloo structure was the D300S24F2 because the 
performance was slightly better than D200S12F1 regarding the active electrodes, spike rate, and 
SNR. The final microphysiological system introduced in the next section integrates 21 igloos per 
well with 24 openings and fractal design. 


FIGURE  8.8. ELECTRICAL ACTIVITY PERFORMANCE OF THE 10 IGLOOS DESIGNS. 
A chart with an average of the percentage of active electrodes (grey), spike rate (blue), and the SNR (orange) recorded 
for each igloo design. The experiments were repeated three times with the same cell density number, 10k/µL, and after 
one week in vitro. Error bars indicate the SD.
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8.2.2. New monolithic MF design for the brain-on-chip


The new microfluidic device had an externalized fabrication at the company FEMTOprint SA. By 
3D laser-induced etching process, a single piece of quartz was patterned with a micro resolution 
based on a 3D CAD design previously provided (Figure 8.9). This type of manufacturing presents 
several advantages to the previous technique. First, the process has highly reproducible with a 
1 µm resolution and short-term manufacture, which facilitated serial productions. Second, the mi-
cro-device boasted the properties of glass: optical transparency, high biocompatibility, thermal 
and mechanical stability, and high flexural strength. Also, the design could be easily modifiable to 
include new implementations.




FIGURE  8.9. FINAL BRAIN-ON-CHIP DEVICE FOR 3D NEURONAL NETWORK ASSESSMENT. 
A. Picture of the microfluidic attached to MEA. B. Custom three-dimensional computer design for production of the 
chip. C. Representation of the different lanes in the wells. Top (D) and bottom view (E) of an igloo prototype.


As with the multi-layer design of the previous chapter, the chip included 12 independent experi-
ments. The dimensions of the hydrogel lane were 1 mm wide, 900 µm high, and 9 mm long with a 
single reservoir of 2 mm of diameter. Each well contained 21 igloo structures with gold electrodes 
and one larger gold reference electrode in the reservoir. The total volume of the hydrogel in each 
well was 9 µL, ten times more than the volume contained in the previous chip, which supported 
the reduction of the cell density up to 1.5 k/µL. The medium of the top lanes homogeneously per-
fused the entire hydrogel as there were no membranes or intermediate structures. 


The igloo structures were produced by UV-lithography and lamination on top of a 256MEA, 
with electrodes distributed in 12 groups. First, the 3 µm SU-8 layer defined the tunnels of the 
igloos. Then, a lamina of 20 µm of ADEX created the cup. Figure 8.10 presents an example of the 
microfabrication results. For good compactness of the igloos in the wells, the diameter was limi-
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ted to 250 µm, and the contour was re-shaped to a circumference, maintaining the number of 
openings and the fractal design to ensure the recording performance. 


To permanently attach the monolithic microfluidic piece to the MEA, a biocompatible glue was 
dispensed to the glass surface and aligned to the MEA with micro-resolution. The glue volume 
employed was controlled to avoid an overflow into the wells, thereby blocking of igloo structures. 
The result was a novel and stable microphysiological system with 12 independent experiments, 
which includes the new neural-based recording structures to capture the activity of 3D neuronal 
networks.


FIGURE  8.10. MICROFABRICATION RESULTS OF IGLOO STRUCTURES AFTER POST-DEVELOPMENT BAKING. 
A. Igloos distributed for the arrangement by wells. B. The second layer of the igloo created the cup. C. The first layer of 
the igloo constructed the microtunnels.  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8.2.3. Morphological evaluation of 3D neuronal networks


Hippocampal cells with 75% Matrigel were pipetted in the reservoir of each well. All cell-Matrigel 
mixes were generated from the same cell solution to reduce the neuronal density variability bet-
ween wells. The increased volume of hydrogel per well supported the reduction of the cell density 

to a maximum of 1.5 k/µL, 13.5 k cells per well. The viability and the neurites’ growth was compa-

rable between wells and through the whole hydrogel thickness. After 1 DIV hippocampal neurons 
were transduced with AAV for the expression of GFP. After four to five days, most neurons were 
live-labeled, and the neurites were easily tracked under the microscope to observe their entrap-
ping in the igloo structures (Figure 8.11). Nevertheless, the neurite-dense 3D culture complicated 
the correlation between neurites growing through the igloos and the cell bodies of neurons scatte-
red in the 900 µm of the hydrogel.




FIGURE 8.11. LIVE LABELED 3D NEURON WITH ONE NEURITE ENTRAPPED IN AN IGLOO MICROTUNNEL. 
3D cell culture transduced with AAV1.hSyn.eGFP.WPRE.bGH for GFP expression and cultivated for one week in the 
new brain-on-chip. Left; the 3D rendering. Right; 2D images at different focus planes filtered for higher contrast. Arrows 
indicate the neurite from the cell body to the microtunnel.  
See also 3D reconstruction of supplementary video 7.


The most prolonged cell culture in this microfluidic device was 15 DIV, limited by the likely shrin-
kage of the Matrigel. It is important to note that the neuron-dependent contraction is an intrinsic 
property of the Matrigel, which is possible to delay by reducing the cell density and producing 
MCs of better aspect ratio, but unavoidable in long-term cell cultures.
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The ICC protocol established in the previous chapter was repeated in the newly developed mono-
lithic microfluidic chip where the hydrogel was 100 µm thicker. The results were similar; the whole 
hydrogel was homogeneously stained, and the imagined section with a high resolution was limi-
ted to 300-400 µm (Figure 8.12). Therefore, it can be concluded that this device was not only sui-
table for live imaging techniques but also for antibody staining after fixation.


FIGURE  8.12. IMMUNOLABELED 3D NEURONAL CULTURE IN THE NEW BRAIN-ON-CHIP DEVICE. 
3D cell culture fixed and labeled with antibodies against MAP2 (red) and SMI (green) to highlight the axons and den-
drites growing in three-dimensions in one well of the device. 

The dimensions of the stained cube are 200 x 200 µm and 150 µm high.
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8.2.4. Recording 3D neuronal network spontaneous activity and variability analysis


Since the cell density was reduced, the electrical activity recorded after 6-7 DIV was considerably 
lower compared to the previous cultures in the multi-layered device. Hence, there was a compro-
mise between the reduction of cell density and the time window for recording mature network ac-
tivity. After a sequential study of the developed activity, 10 DIV was accepted as a suitable time 
point for 3 k/µL neuronal cultures to develop a synchronous and mature electrical activity. 


 The spontaneous recordings revealed a simultaneous burst firing in the 21 electrodes of each 
well with 100 % of active igloos structures. The SNR was more than 5 fold with an approximate 
noise of 10-12 µV and amplitude of most signals over 50 µV (Figure 8.13). The parameters selec-
ted to define the spontaneous activity were spike, burst and network burst rate, burst and net-
work burst duration, the covariance of interspike intervals, the covariance of inter-bursts intervals 
of network bursts, and the percentage of channels involved in network bursts (see appendix 1). 
The minimum number of channels to define a network burst was 5, corresponding to 20 % of the 
total number of electrodes in one well.


The higher number of devices and the repetitive experiments supported a more exhaustive 
descriptive analysis and the intra-and inter-variability study of the activity recorded in each well. 
Figure 8.14 illustrates the internal distribution of each parameter in the different wells of one single 
device. As expected, there was a range of variation between the activity recorded by the electro-
des in the same well, since they register the activity of different neurons of the network. This rela-
tive variability was analyzed by the coefficient of variation percentage for all the parameters that 
included more than one value per well (Table 8.1).
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FIGURE  8.13. SPONTANEOUS ACTIVITY OF 3D NEURONAL CULTURE IN THE NEW BRAIN-ON-CHIP DEVICE. 
A. Image of one single well of the device with 21 igloo structures. B. A plot of the raw activity recorded on the 21 igloo 
structures for 2 min. C. Amplification of the activity in 6 electrodes during 100 ms with the network burst detected be-
low. The over-lapped network bursts are drawn in a second line (ii).  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8.2 Results

For most of the parameters, the coefficient of variation average was lower than 40%, meaning 
that there is less than a 40% deviation from the mean between the electrodes. In the case of the 
network burst duration, this dispersion increased to 70% because of its intrinsic definition. The 
network burst duration was considered from the first spike of the first burst to the last spike of the 
last burst. That definition may prolong the duration in the more dispersed network burst where the 
initial burst is more time-delayed to the following burst recorded in other electrodes. 


Assuming a similar capacity of the 21 igloos of one well to capture the electrical activity of the 
neurites, the variation of the data recorded relied on the probability of the neurites to cross the 
microtunnels of the igloo structures. This variation is inevitable as it depends on the free growth of 
the neurites in the 3D space. To have a good representation of the data, the variability analysis 
was repeated for the other two devices (see appendix 2).





FIGURE  8.14. BOX PLOTS OF EACH PARAMETER ANALYZED BY RECORDING ELECTRODES. 
Six of the eight parameters selected for the analysis had values recorded per electrode. The distribution of the absolute 
values is represented for the 12 individual wells of one device (A1, A2, A3, A4, A5, A6, B1, B2, B3, B4, B5 and B6). The 
whiskers of the box plots represent the minimum and maximum data points.
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TABLE 8.1. DESCRIPTIVE ANALYSIS AND INTER-WELL VARIABILITY TEST. 
Descriptive analysis and normality tests performed for each parameter that includes more than one value per well. P-
value indicates if the values follow a Gaussian distribution with a 5% significance level.

One-way ANOVA and Kruskal-Wallis tests study the significant variability between wells. Subsequent multiple-compari-
son test compares each well mean with every other mean with a significance level to 5%. Asterisks report the level of 
significance difference for each well.
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The variability between wells was studied by One-way ANOVA or Kruskal-Wallis test. For each 
parameter with more than one value per well, the average of each well was compared with the 
others. Significant differences are indicated in Table 8.1 for one device and in supplementary ta-
bles for the other two. The three recordings lasted 10 minutes and involved the activity of 3D neu-
rons of the same hippocampal preparation. In most cases, there was a significant difference bet-
ween the wells. Therefore, the results demonstrated that each neuronal network fires in a slightly 
different way but with a common frequency and distribution of spikes after 10DIV. The experi-
ments in this device must be performed according to this intrinsic variability, including more than 
one well per experimental group to have a good representation of the sample.


Additionally, before each comparative analysis, the normal distribution of each parameter 
grouped by wells was analyzed by the 95% confidence intervals (CI) and by a normality test (Table 
8.1). Most parameters selected followed a Gaussian distribution with the exception of the network 
burst duration and the percentage of channels per network burst. To corroborate this distribution, 
the raw values from multiple recordings were plotted in frequency histograms (Figure 8.15). The 
network burst duration and the covariance of the inter-burst interval (NetIBICoV) have a left-ske-
wed distribution due to the presence of “ictal-burst”, burst with a duration of more than 3 se-
conds, and the definition of the network burst duration employed. However, running a normality 
test and plotting the data in QQ plots it can be assumed that the eight parameters selected have 
a Gaussian distribution (Figure 8.16).
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FIGURE 8.15. HISTOGRAM REPRESENTATION OF EACH PARAMETER. 
Data from four devices are represented together for the analysis of normal distribution. The first four graphs show the 
data of every single electrode of each well. The other four parameters, related to the network burst, present one data 
set per well of each device analyzed. Network burst duration and the covariance of the inter-burst interval (NetIBICoV) 
have a left-shifted distribution.
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FIGURE 8.16. QQ PLOTS OF EACH PARAMETER. 
Data of four devices are represented together to demonstrate if the data is sampled from a normal distribution. The first 
four graphs show the data of every single electrode of each well. The other four parameters, related to the network 
burst, present one data set per well of each device analyzed.
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Considering the unsuccessful compound application approach on the multi-layer system, different 
dispensing methods were also tested in this brain-on-chip device and the environmental control 
implemented. The device placed in the MEA recorded system was covered by an incubator cus-
tomized chamber for better control of temperature, humidity, and CO2 concentration. This imple-
mentation supported more extended recordings and the reduction of the variability between re-
cording experiments.


For the application of compounds, the lid of this incubator chamber had to be opened and clo-
sed. The spontaneous activity of the 3D networks was recorded 10 minutes after for the stabiliza-
tion of the conditions and to study the possible physiological disturbance. Figure 8.17 illustrates 
the average of each parameter analyzed in the 12 wells of one single device. Network burst fre-
quency and network duration varied significantly after the opening of the incubator lid. Then, two 
approaches for the dispensing of compounds were tested. The application directly on the device 
and the subsequent mixing in the wells, as wells as, the external dilution of the compound and 
subsequent application back in the device. The first method was denominated physical distur-
bance and the second, chemical disturbance, since the manipulation of the medium was carried 
out externally, leading to a pH change in the medium volume. After 10 minutes of stabilization, the 
activity was recorded for another 10 minutes. For both approaches, 1/10 of fresh medium was 
added to each well of the device.


As the results indicate, there was no significant difference in the spontaneous activity after per-
forming any of the two methods. The network burst duration and network frequency varied with 
the physical disturbance approach like opening the incubator chamber, so it can be considered a 
basal effect of incubator manipulation. The chemical method implied faster work to avoid the 
evaporation of the compound in the external multi-well plate, increasing the chance to generate 
bubbles during the pipetting and the variability effect between wells. Therefore, the physical ap-
proach was selected for future experiments. It is noticeable that the application of the medium did 
not increase the activity, which demonstrates that the addition of a small volume of medium did 
not alter the functional physiology of the neurons.
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FIGURE  8.17. ANALYSIS OF THE COMPOUND APPLICATION METHOD. 
Each bar represents the average of the data collected from each well. The error bar indicates the SD. One way ANOVA 
determined if the average of each parameter was affected by the different disturbances with a significance of P < 0.05. 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8.2.5. Recording of PTX effect and study of the inter-well variability


The data presented above can be used as a reference experiment to develop more complex drug 
screening tests or dose-dependency studies, ensuring that the method of application is correct. 
To confirm the possible use of this new brain-on-chip device for drug application, PTX was again 
applied using the physical disturbance delivery approach. The stimulating effect of PTX on the 3D 
neural network has already been demonstrated in the 3D hippocampal cultures (Figure 7.8). This 
time, the point of interest was to test the compound effect variation between wells and MEAs.


The device was divided into two; six wells received 1/10 of the total volume of fresh medium 
and the other six received PTX ten times more concentrated than the final desired dilution. This 
experiment distribution included the minimum number of groups having the same representation 
of control and compound wells on the same chip. The reaction to the application of 1 µM PTX 
was initially studied electrode by electrode, calculating the percentage of change. Figure 8.18 re-
presents the average percentage of change among the 21 electrodes in each well of one single 
device. As observed, the variation between wells of the control group is generally more significant 
than between the PTX wells. The coefficient of variation is 8 to 15 times higher between control 
groups. However, the excitatory effect of the PTX at 1 µM overpassed that variability. It is impor-
tant to highlight that the thickness of the 3D culture was six times larger than in the multi-layer 
device. Even so, the same results have been obtained due to the highly perfusable hydrogel.


FIGURE  8.18. PTX EFFECT ANALYSIS PER WELL. 
Each column represents the average of the data collected from each well. The error bar indicates the SD and the aste-
risks the significance difference between control and PTX wells after Two-way ANOVA analysis.
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Considering the variability between wells, a statistical power analysis was performed to compute 
the size effect and the minimum number of wells to detect a significant difference between control 

and PTX group. With the mean and SD of the obtained data, a significance level of 0.05 (𝛼 =< 

0.05), and a 80 % probability (statistical power = 1-β) to detect the PTX effect by using a 2-sided 
test, it was possible to calculate the minimum sample size [161, 162]. In the experiment of Figure 
8.18, six wells received medium and six wells received 1 µM PTX, so there were 6 samples per 
group. 


The average and SD in the control and the PTX group for one parameter was estimated to de-
termine the effect size, and to calculate the smallest biological sample for a meaningful difference 
in terms of the number of neuronal circuits per the chip. The parameter selected for this test was 
the MFR. 


FIGURE  8.19. POST-HOC POWER ANALYSIS TO DETERMINATE THE GROUP SIZE. 
To determinate a correct group size, a power statistical analysis of the MFR percentage of change in control and PTX 
samples was performed. A. The statistical power (1-β) of the two groups is correlated with the total sample size. With 
groups of 6 and a total sample size of 12, the statistical power is 0.834. With groups of 3 and a total sample size of 6, 
the statistical power is lower than 0.5. B. Probability density graph with groups of 6 wells. β < 0.2 and 𝛼 =>0.05. C. If the 
samples per group are divided by two, to have more groups per microphysiological chip, the power (1-β) is limited to 
40 % and the β > 0.5.

	 	 89

A

B

C



8.2 Results

As illustrated in Figure 8.19, with the reduction of the sample size from 6 to 3 wells, the Type II 
error (β) increases, and therefore also the failure to reject the false H0. In biological studies, the 
standard statistical power (1-β) of a comparison of two independent means is conventionally 

80%, and the Type I error, or probability to reject the true H0 (𝛼), is set to 5% [161]. To find a fun-

ctional performance difference between the MFR of the two groups with a statistical power of 
80% and a 5% significance level, the minimum number of wells must be six. That is the minimum 
number of wells per group for the given average and SD of the data. This sample size variates 
with the type of parameter analyzed and the difference within the groups.


An ideal experiment should include the technical variation generated from different brain-on-
chips devices with neuronal cultures of the same preparation. Figure 8.20.A represents the per-
centage of change of the ISI covariance for three single devices where six wells received medium 
and six wells 1 µM PTX. Although the PTX produced a clear burst-distribution of the spikes in-
creasing the covariance of the ISI, the difference with the control samples varied between devi-
ces. Two-way ANOVA analysis demonstrated that there were significant differences between the 
three devices and that the response to PTX varied significantly depending on the microfluidic sys-
tem employed. For that reason, the average results of three independent recordings were inclu-
ded in the final experiment to reduce the differences between brain-on-chips. As illustrated in Fi-
gure 8.20.B, the PTX effect is highly significant in all eight electrophysiological parameters selec-
ted when the results of the three MEAs are summarized. The spike rate increased, the burst and 
network burst frequency decreased, the percentage of channels involved in network bursts grew, 
and the spikes are more burst-distributed in network bursts, having regular intervals and higher 
rhythmicity. Potentially, a complete study for one compound may also include samples from diffe-
rent preparations to introduce the biological variability between mouse models.
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FIGURE  8.20. PTX EFFECT ANALYSIS PER MICROPHYSIOLOGICAL SYSTEM. 
A. The first three bar plots represent the average percentage of change of ISICoV for six wells in three independent mi-
crofluidic chips. B. The eight plots illustrate the average percentage of change of three brain-on-chip devices with the 
same type of neuronal cell culture (3 k/µL after 10DIV).  
Error bar indicates the SD and asterisks the significance level.  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8.2 Results

8.2.6. Synchronization of the whole 3D neuronal network


MEA recordings were combined with optical imaging techniques to verify the synchronicity of the 
entire 3D neuronal network and to ensure that the activity recorded in the igloo structures is re-
presentative of the whole network activity. In one experiment, the spontaneous activity of neurons 
was captured simultaneously with MEA and calcium imaging, focusing on different sections of the 
hydrogel. In another one, optogenetics was performed, and the 3D neuronal network was light-
stimulated and simultaneously recorded by MEA.


The results demonstrated that most of the neurons of the same well were connected after one 
week in vitro. Moreover, it proved that the igloo recordings are an ideal tool for capturing the elec-
trical activity of interconnected neurons since they provide detailed information about the electri-
cal activity of the synchronized 3D network.


8.2.6.1. Simultaneous MEA and Ca2+ imaging at different Z-stacks 

This experiment was performed on a standard 256MEA with the igloo structures microfabricated. 
After plating, 3D neurons were transduced with the adeno-associated virus pAAV.Syn.GCaM-
P6f.WPRE.SV40 for the expression of the GCamp6 calcium indicator under the Syn promoter. 
One week after transduction, the transduction efficiency was confirmed by optical microscopy. 
Spontaneous neural activity was then recorded simultaneously by the MEA system and Ca2+ ima-
ging. The calcium influx into the neurons was monitored by an increase of fluorescence at diffe-
rent Z-stacks of the hydrogel thickness. As illustrates in Figure 3.17, the fluorescence peaks at 
different focus planes corresponded with spike bursts recorded by multiple electrodes. This con-
firms the synchronicity of the neurons located at different focus planes. Moreover, it must be no-
ted that the MEA recordings have a much better time and signal resolution over the Ca2+ imaging. 


When the 3D neuronal circuits were chemically stimulated with PTX, the increased activity ef-
fect was at the same time captured by Ca2+ imaging that registered higher amplitude fluorescence 
peaks, and by multiple electrodes that recorded the more synchronous burst activity (Figure 
8.21.C, D) (see also supplementary videos 8 and 9).
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FIGURE 8.21. CA2+ IMAGING AND SIMULTANEOUS IGLOO RECORDINGS.  
Recordings of 7DIV 3D neuronal networks on 256MEA with microfabricated igloos transduced with pAAV.Syn.GCaM-
P6f.WPRE.SV40. Fluorescence images represent one single frame of the Ca2+ imaging videos available in supplemen-
tary data. Ca2+ imaging plots indicate the traces of the Ca2+ indicator over time (u.a., arbitrary units). The raster plots 
represent the simultaneous activity captured by three different electrodes.

 A. Spontaneous activity at 10 µm from the bottom. B. Spontaneous activity of the same area as A at 80 µm from the 
bottom. 

 C. Spontaneous activity before PTX application at 80 µm from the bottom. D. The stimulated activity of the same area 
as C after application of 1 µM of PTX. 
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8.2.6.2. Optical stimulation of the 3D neuronal circuits 


For the optogenetics experiments, 3D neuronal circuits were light-stimulated after transduction 
with pAAV.CAG.hChR2(H134R)-mCherry.WPRE.SV40. The expression of the Channelrhodopsin-2 
was widespread one week after transduction. The hydrogel was illuminated with blue light at diffe-
rent pulse frequencies focusing on multiple areas of various dimensions to promote the opening 
of the channelrhodopsins. Figure 8.22 represents one example in which the stimulation time was 
50 ms and the light field 1 mm2. The MEA recording time was limited to 30 ms before and 100 ms 
after the light pulse to capture the stimulation effect. 


The light stimulation of the 3D neuronal culture with a simultaneous MEA recording proved the 
synchronicity of neurons located at a distance of hundreds of microns in the 3D hydrogel. Even 
more, it demonstrated the capability of cell-specific stimulation after the transduction with adeno-
associated virus with cell-specific promoters. The only limitation of this experiment was the inca-
pability of stimulating an individual focal plane. The photo-stimulation was performed with an illu-
mination digital micro-mirror system (MM-0436, Mosaic3, Andor, Oxford Instruments, UK) that alt-
hough it allows for defining specific patterns in the XY plane, it does delimit the Z position.




FIGURE  8.22. OPTICAL STIMULATION OF 3D NEURONAL CIRCUITS.  
Recordings of 7DIV 3D neuronal networks transduced with pAAV.CAG.hChR2(H134R)-mCherry.WPRE.SV40 on 256-
MEA with microfabricated igloo structures. The optical image illustrates the 3D neuronal network illuminated with one 
light pulse of 1 mm2. The raster plot represents the stimulated activity captured by 4 individual electrodes after a light 
pulse of 50 ms. The time is indicated in seconds.
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8.3. Discussion 
The milestones in the new neuro-microphysiological system are mainly three: the validation of a 
new recording structure for capturing the activity of 3D neuronal circuits (1), the subsequent sim-
plification of the MF layout (2) and the change of the MF microfabrication for fused silica monolit-
hic glass (3). For a better understanding of the multidisciplinary implementations that this device 
entails, the different approaches are discussed separately throughout the following lines.


First of all, the replacement of the microtunnels for igloos not only allowed the confinement of 
the recording structure in one single compartment, but also reduced the biological impact in the 
free growing 3D neuronal network. The recording capability of the igloos was determined by the 
number of openings and the length of the tunnels. However, these parameter designs had an op-
posite influence on the seal resistance. The higher number of openings facilitated the entrapment 
of a major number of neurites, increasing the possibility to record, while reducing the seal resis-
tance of the structure. On the other hand, larger igloos improved the seal resistance of the elec-
trodes, but the 256MEA format limited the diameter extension. Therefore, it was necessary to find 
a compromise between these two design factors. The ideal solution was the fractal design of the 
tunnels, which allowed the entering of a higher number of neurites without a significant effect in 
the seal resistance. The design D300S24F2, with a diameter of 300 µm, 24 openings, and 2 fractal 
subdivisions, was selected among others for its outstanding performance. Then, for fitting purpo-
ses in the MF design, its diameter was reduced to 250 µm with no apparent effect in the recording 
capabilities. The selected igloo structures integrated into the final microphysiological system had 
100% of active electrodes and a SNR of more than 3 fold (Figure 8.13).


Regarding the microfabrication of igloo structures, the rate of success of the lithography and 
lamination processes was over 90 %. Furthermore, the igloos were not delaminated after repea-
ted uses and did not present any defects that could alter the physiology of the neurons. The re-
duced dimensions of the igloo structures had a lower risk for detaching due to the lower thermal 
stress during the final baking step. Likewise, the thinner photoresist layers of 5 µm and 20 µm, 
respectively, were less susceptible to delaminate, since the internal stress of the photoresist was 
decreased [140]. In essence, the igloos were rather more robust and stable photoresist structure 
than the microtunnels of the multi-layer design. Furthermore, the limitation of the photoresist ma-
terial reduced the auto-fluorescence of the system, facilitating the tracking of the neurons without 
further image processing.


Considering the higher thickness of the 3D culture, another challenge was to demonstrate that 
the electrical activity recorded from the igloos was representative of the whole neuronal circuits 
and not only of the neurons located at the bottom section of the hydrogel. For this purpose, a 
combination experiment of Ca2+ imaging and MEA recording was performed in the same neuronal 
culture (Figure 8.21). The fluorescence peaks captured at different depths of the hydrogel corre-
sponded to the high concentration of Ca2+ influx during the action potential, which correlated in 
time with the synchronous bursts captured by the igloos. That means that the same electrical ac-
tivity is recorded from different neurons by two different approaches, proving the  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interconnection of the neuronal culture. However, it is essential to note that the extracellular volta-
ge profile captured by the integrated MEA microelectrodes has improved time and cell resolution 
and also detects the electrical signals more accurately, while the intracellular calcium is only a su-
rrogate marker of electrical activity. Likewise, the optogenetic experiment demonstrated the sy-
naptic interconnection of neurons on the XY plane. The stimulating effect of the illuminated neu-
rons expressing hChR2 channels was captured by igloos located at hundreds of microns. There-
fore, the recording activity registered by the igloos was also representative of the firing neurons 
located far from the electrode.


Once the novel recording structure was validated and the dimensions of the igloo decided, the 
new MF platform could be reshaped. The material selected was fused silica glass, the same as 
the MEA substrate, that has multiple advantages like biocompatibility, thermal and mechanical 
stability, low chemical reaction, and optical transparency [102]. The ISLE technique digitally pro-
duced the 3D microfluidics using laser radiation based directly on the CAD data [155]. The result 
was a high-resolution etching of a monolithic piece of fused silica glass with high precision (< 100 
nm) and aspect ratio. The efficiency of this technique improved the productivity of the MF fabrica-
tion compared to the complex laminations and multiple layers of the previous design. Moreover, 
the repeatability (<1 µm) and the highly reproducible process make this fabrication suitable for 
larger-scale production. 


The main difficulty of the MF material modification was the attachment of glass to SU-8. The 
high temperatures and pressures of bonding processes, and the coating of the glass with APTES, 
did not yield stable results and were not completely compatible with the electronics of the MEA. 
Thereby, for this design, the solution was the remodeling of the MF format and the recording 
structure to support the direct glass-to-glass attachment. The bonding strength and resolution by 
the epoxy glue application had excellent and robust results. The new final microphysiological sys-
tem remained stable for more than 10 uses, as long as the multi-layer design. Nevertheless, this 
bonding method was acceptable for one neuron-type culture or the combination of different cells 
in the same compartment. However, for other applications as the innervation study of another cell 
type or the analysis of axonal transport, the long microtunnels that divided two compartments are 
still indispensable [163-165]. 


An alternative approach that is being investigated is the employment of Ordyl negative dry film 
photo-resist (Elga Europe, Italy) as glue. This material can be laminated on top of the SU-8 and 
etched by lithography, replacing the use of ADEX [166]. The resolution and aspect ratio of the 
structures generated with this film resist varies according to its thickness. This material supports 
the fabrication of hybrid devices since it can exhibit active surfaces on top and bottom. At relati-
vely low temperatures, ORDYL SY300 can be double-bonded to SU-8 and fused silica glass wit-
hout the use of additional extra adhesives [167]. Furthermore, one of its main advantages over 
other negative resist films is the uniform thickness and excellent flatness of the surface. Also, as 
SU-8 and ADEX, ORDYL is entirely biocompatible, and, therefore, perfectly suitable for its appli-
cation in biochips. In fact, its potential in the lab-on-chip field to produce 3D structures by multi-
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layer lithography has already been demonstrated by different groups [167-169]. Accordingly, for 
the future manufacture of more complex MF designs, ORDYL is expected to significantly optimize 
the production, allowing the compartmentalization of cell cultures by microtunnels, while suppor-
ting the use of monolithic glass MFs.


In any case, due to the several advantages already mentioned, the ISLE process will still be 
employed for the production of the major features of the MF chip. The only disadvantage of this 
technique is its production costs. They get compensated, however, with the increase of life span 
and improved reusability of the device. The susceptibility of the epoxy glue to solvent degradation 
guarantees the detachment of the MF piece glass if the MEA gets damaged or the igloo structu-
res are not working [170]. This property is highly advantageous, despite being inconvenient for 
other applications, since it supports the recovery of the expensive MF glass after the immersion of 
the device in sulfuric acid and piranha solution. This procedure was carried out once during this 
project for subsequent reattachment to a new MEA. The MEA and igloo structures do not tolerate 
such aggressive treatment, but its fabrication is more affordable compared to the etching of the 
MF glass. Therefore, the reusability of the MF piece is higher than the rest of the device compo-
nents. Collectively, the reuse of the new brain-on-chip system more than 10 times, together with 
the possibility of recycling the MF glass piece, fully compensates the higher cost of the ISLE pat-
terning technique.


Regarding the new MF layout, the new design satisfied most of the challenges that the system 
of the previous chapters presented. The reservoir of a 2 mm diameter contained the reference 
electrode and was compatible with the size of the electronic pipette tips. The MC of more than 
7 mm accommodated 21 igloos alternately distributed. For cell seeding, the Matrigel-cell mix was 
dispensed in the reservoir and then flowed through the MC, protecting the igloos from any possi-
ble damage by contact with the pipette tip. Moreover, in line with the Matrigel shrinking hypothe-
sis presented in the discussion of chapter 7, the MC dimensions of the first hydrogel lane had an 
aspect ratio of almost 1:1, with a height of 900 µm and a width of 1 mm. This assumption main-
tains that a similar height-width ratio may ensure an even neurite tension from every direction, and 
thus, a more compensated shrinkage and distribution of the pulling forces compared to the multi-
layer chip where the shrinkage was mostly lateral. The results of this new MC aspect ratio de-
monstrated that the cell culture could be maintained up to 15DIV with no apparent shrinkage. 
However, it is also true that the decrease in cell density may have a significant effect. Neverthe-
less, by prolonging the time in culture for more than two weeks, it was possible to visualize a dif-
ferent way of Matrigel contraction by microscopy. This time, the shrinkage was similar on the sides 
and bottom, being more pronounced in the corners of the MC. The increase of the hydrogel first-
lane volume supported the reduction of cell density to a maximum of 1.5 k/µL. Neurons contained 
in 9 µL have the freedom to contact surrounded neurites, which are, in absolute number, more 
than in the multi-layer chip and better distributed in the 3D space.


Additionally, the MF layout was compatible with the 384-format encouraging high performance 
during the medium change, transduction, and drug application. However, the cell seeding process 
was not adapted to a high-throughput method, and was performed well-by-well by electronic pi-
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pettes due to multiple reasons: first, to avoid temperature increase and solidification of the Matri-
gel, and to better control the dispense speed; second, because positioning the multiple pipette 
tips correctly at the same time in the first lane reservoirs was incredibly complicated; and third, 
because the Matrigel-cell mix was maintained cold and homogeneous in Eppendorf tubes. Even-
tually, these challenges might hinder the cell seeding process automatization. Furthermore, the 
size and margin spaces of the MF device were fabricated to adapt a custom made incubator 
chamber during the recording experiments. This incubator controlled the temperature, the CO2 
concentration, and the humidity, favoring stable experiments, and a more physiological neuronal 
activity. Also, the filtered air of the incubator chamber aided to preserve the sterility of the system 
and allowed for the repetition of the recordings at different time points.


Ideally, to work with a more in vivo representative sample, the experiment should have a similar 
volumetric number as in the hippocampal mouse. However, the reported neuron densities in the 
literature vary substantially due to the different regions of the hippocampus studied or the method 
employed [171]. Keller et al. presented an exhaustive review of the cell number in the mouse 
brain, which indicates an overall neuronal density in the hippocampus of 20.848 neurons/mm3 

[172]. However, this number increases in some hippocampal regions as cornus ammonus 1 (CA1) 
or 3 (CA3), which correlates to the uneven distribution of the neurons scattered by strata. Nevert-
heless, cell densities employed in this project are way below the average number of neurons re-
ported in literature, more than six times lower. Also, the total cell number included astrocytes from 
the embryonic brain, so the neuronal density employed may be even lower than 3 k/µL. At this 
validation level of the brain-on-chip, it is necessary to aim for a better simulation of neuronal cell 
density. The better the in vivo distribution and cell density is recapitulated, the more relevant will 
be physiological aspects as synapsis density or neuronal network development time in primary 
and human-derived cell culture.


Regarding the morphological assessment in this new microphysiological system, the main ad-
vantage was the absence of autofluorescence due to the reduction of photoresist material. The 
eGFP expression was homogeneous and widespread throughout the 900 µm thickness hydrogel. 
The number of viral particles per cell, MOI, was in the range of 105, enabling easy tracking of neu-
rons embedded in the hydrogel after 10 DIV. The viral density corresponded to what is commonly 
used in neurobiology [173]. One limitation of these live imaging recordings was the uncontrolled 
CO2 concentration, temperature, and humidity. Eventually, the implementation of an incubation 
adapted to a microscope will support the reduction of the variability between experiments, the 
control of sterility, and the long-term analysis of the neuronal cultures. In this way, the develop-
ment of the neuronal circuits and the network formation could be assessed in real-time. 


Undoubtedly, the key capability of this novel microphysiological system is the capturing of 
electrical activity from 3D neuronal networks in a non-invasive way. The hypothesis introduced at 
the beginning of this project stated that the implemented electrodes of the MEA have an increa-
sed sealing resistance, and thereby, can capture the rapid voltage change from the non-adherent 
neurites. This was accomplished by the capping of the electrodes with the microtunnels and with 
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the igloo structures. Indeed, the recording performance of these neurite-based structures was of 
such quality that the number per well could be reduced to 21. 


Consecutive recordings over the DIV enabled the study of the progress of the synchronous ac-
tivity. The mature network development time was, as expected, directly related to the number of 
neurons and their probability of interacting with each other [106]. In this project, approximately 
27 k neurons growing in 3D produced a mature network after one week in vitro. Thus, the modifi-
cation of the cell density in the future should be correlated with a further analysis of the time-
course development.


As previously mentioned, one of the main implementations in the recording approach of this 
chapter was the employment of an incubator chamber, which supported the study of the drug de-
livery method with a more realistic outcome. In previous experiments, the application of medium 
induced an increase in neuronal activity, which could be caused by the large volume of fresh me-
dium, but also by the change of temperature and pH in the medium (see Figure 7.9). At room 
temperature, the pH in the well increased and the temperature decreased. When the fresh me-
dium was added, the average pH and temperature was restored, inducing a change in the activity. 
This problem was solved by applying a smaller volume of the medium and monitoring the tempe-
rature, CO2, and humidity. Likewise, in order to establish the best approach for the compound 
dispensing, different methods were tested, such as the addition of the compound directly on the 
MEA recording system, and the external application with the following incubation of the device for 
one hour. For the dispensing in the recording MEA chamber, two techniques were studied; one 
that creates a physical disturbance and another one that has a chemical impact. The results indi-
cated that there was not a significant difference between the two approaches after 10 minutes of 
accommodation; and the physical disturbance method was selected for its reproducibility and 
handling convenience. 


An alternative approach was the application of the compound out of the recording chamber 
and the subsequent incubation for one hour for the followed monitoring of the effect. This drug 
delivery method was, in fact, recommended by the HESI Translational Biomarkers of Neurotoxicity 
(NeuTox) [174] consortium and followed by multiple members to equilibrate the compound effect 
in the sample [175-177]. However, in this brain-on-chip system the activity recorded changed 
considerably after one hour of incubation, even in the control wells where nothing was added 
(data not shown). This spontaneous firing variation could be interpreted as an effect of the device 
manipulation, or as an intrinsic modification of the neuronal network, whose conducting neurites 
varied. It is important to remember that in contrast to the standard MEA experiments, in this pro-
ject the recordable voltage potential arises from the neurites that include dendrites, axons, or ra-
mifications of them. The transmission of activity is much more variable in the neurites than in the 
cell body where the pre-synaptic signals are integrated and the action potential fired if the sum 
surpasses the threshold potential. The neuronal circuits are highly plastic, and the transmission of 
the activity through certain neurites can be modulated over time, conditioning the electrical pat-
tern activity registered in the igloos [1]. For that reason, we consider the established physical ap-
proach to be the best method for drug delivery in this specific microphysiological system.
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Another achievement of the functional readout was the combination of MEA recordings with Ca2+ 
imaging to visualize the spontaneous firing activity at different Z stacks of the 3D culture. This si-
multaneous assessment not only validates the igloos for the recording of thick neuronal samples 
but also supports a more complicated manipulation of the neural network. For instance, by the 
selective transduction of inhibitory interneurons using for the expression of a Ca2+ marker, it would 
be possible to capture the total electrical activity and the inhibitory activity in the same 3D circuit 
simultaneously by two technical approaches, MEA and Ca2+ imaging, respectively.


On the other hand, the stimulation of the neuronal network can be performed by electrical sti-
mulation through the electrodes of the MEA or by optogenetic, as demonstrated in the results  
(Figure 8.22). The use of the electrodes for stimulation was established on other microphysiologi-
cal devices based on 120MEA systems by employing the technology available from many years 
ago at Multi Channel Systems MCS GmbH [178]. However, when these experiments were carried 
out, the integrated stimulus generator was not available for the 256MEAs. Currently, the new 
MEA2100-head stage integrates the stimulation channels, so the electrical stimulation is compati-
ble with the presented brain-on-chip [150]. The combination of electrical stimulation and Ca2+ 
imaging can be employed, for instance, for identifying and unravelling the different neuronal net-
works inside the 3D neuronal culture. Additionally, by optogenetics, a specific neuronal population 
can be infected for the expression of channelrhodopsin proteins and light-stimulated to control 
the firing flow of the synchronous network [179]. In short, the multi-disciplinary functional techni-
ques imply a higher control over the electrical activity of the 3D neuronal circuits, which may lead 
to a better understanding of its physiology, development, and plasticity. As mentioned previously, 
all these functional studies were carried out at the network level, and the detection of single-neu-
ron activity is currently not feasible.


Once the novel microphysiological system was validated for the growth of 3D neuronal net-
works and the morphological and functional screening was implemented, the technical and biolo-
gical variability analysis could be quantified [36]. To this end, the same experiment was repeated 
in three devices, and PTX was applied with the same procedure. Potentially, in future analyses 
biological replicas from different preparations will also be included to investigate the variability 
between the experimental animals. Based on previous experiments, low variability in this level and 
a similar development and compound effect in neurons coming from different mice is expected. 


On principle, the results are encouraging. The variability between igloos, measured by the 
coefficient of variation, was lower than 50 % in most of the wells (Table 8.1 and tables of appen-
dix 2). Only a few parameters like network burst duration, had a more considerable variation bet-
ween electrodes in the same well since its intrinsic definition is highly inconsistent. It is worth no-
ting that the network burst was defined by Poisson Surprise's statistical distribution of the projec-
ted medians of all the bursts captured in the 21 electrodes of the same well. Moreover, the net-
work burst duration was defined from the first to the last spike of the first and last burst, respecti-
vely. Whereas these bursts were dispersed over time, or the spikes that comprise these bursts 
were farther from the median, the definition of the network burst time changed. That means the 

100



	 	 8.3  Discussion 


duration of the network burst was variable and directly dependent on the structure of the spike 
trains. 


The group of Dr. Goldstein presents one possible alternative for the definition of the synchroni-
zed network burst as an open-source R package [180]. This method is based in the binning of 
each spike with all the spike trains in the different electrodes of one well, for a posterior Gaussian 
filter smoothing method that generates the number of synchronized active electrodes at each 
specific time point. Finally, an automatic threshold method is employed at well level to detect the 
intervals of time that define the network burst duration. This approach seems more advanced 
than the Poisson Surprise's distribution method and does not require the input of any parameter. 
Therefore, it will be implemented in the following experiments for the detection of synchronous 
network bursts.


As envisioned, the variability of the data analyzed was generated at different levels in this sys-
tem, and therefore its implementation should be evaluated independently .


In first place, the variability between the electrical activity recorded by the igloos of the same 
well was dependent principally on uncontrollable biological factors like the number of neurons 
crossing the igloo structure, the synapses with neurons, and the change of the conductivity th-
rough the different branches of the neurites. 


The variability registered between wells was, however, produced by a combination of biological 
and technical aspects. The number of neurons can slightly variate between wells, despite coming 
from the same hydrogel-cell mix. Likewise, the viability after one week  in vitro can be different 
between wells. Ideally, the experiments should quantify the number of neurons to correlate it with 
the variability observed in the functional data. The actual cell seeding procedure is limited to a si-
multaneous gelation process of a maximum of 6 wells due to the rapid polymerization of the Ma-
trigel. That means that each brain-on-chip system had cells seeded in two different steps, and 
slight manipulation discrepancies among wells could cause cell number variations. The automa-
tion of the cell seeding procedure might reduce this discrepancy. Additionally, the variation in the 
development and sprouting of neurites in the first DIV can also induce recording differences bet-
ween wells. On the other hand, the dispensing of medium and compounds with the multi-pipette 
can also influence distinctively in each well. For instance, the distance from the tip of the pipette 
to the hydrogel cannot be controlled manually and might induce variations from well-to-well. Fina-
lly, there might be technical differences in the igloo microfabrication that promote the growth of an 
unequal number of neurites. Also, imperfections of the sealing resistance due to a lamination pro-
blem would interfere with the capability of recording electrical activity. However, in most cases, 
100% of igloos have a similar SNR, and broken or inefficient igloos are discarded from the statis-
tical analysis. The integration of all these differences results in total variability between wells and 
defines the minimum number of neuronal circuits necessary per experimental group, as was cal-
culated in Figure 8.19.


Ultimately, the scope of these experiments is defined by the employment of multiple brain-on-
chip devices. Between the MEA systems, there might be differences explained by divergences in 
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the incubation chamber conditions, the handling, the recording procedure, and the timing of the 
experiments. The robotization of the recording process might reduce these discrepancies. Likewi-
se, the technical differences can be caused by production deficiencies in the electrode surface, 
the TiN wires, or the silicon nitride (SiNx) coating. Nevertheless, visual aberrations in the electronic 
system are usually annotated for posterior dismissal, and the MEA production is a well-establis-
hed procedure at the Institute. Alternative sources of variation as the change in the Matrigel 
batch, and thus, the composition of the hydrogel can also create discrepancies between experi-
ments and should be considered by the final user.


In summary, based on the results obtained in this project, the variation between experiments, 
neuronal networks, or microelectrodes does not seem to exceed the discrepancies observed in 
2D classical experiments, in spite of higher cell culture complexity. If anything, it increases the th-
roughput per MEA providing a more physiological in vitro system. 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This section summarizes the main results presented above and discusses them in a broader con-
text to understand the relevance and novelty of the developed brain-on-chip device. This multi-
disciplinary project introduced groundbreaking biological and technological advances towards the 
fabrication of an in vitro microphysiological platform and its validation by 3D neuronal networks. 
Nevertheless, additional implementations might enhance the outcome of this system and its em-
ployment on disease modeling, neurotoxicity studies, and drug screening. These future ap-
plications and the upcoming steps for its standardization as a new in vitro platform are addressed 
in the following paragraphs.


9.1. Current results  
The final brain-on-chip platform provides a new in vitro model of neuronal networks together with 
astrocytes in 3D conditions adapted to a 256MEA format. The system constitutes a unique com-
bination of technologies to study neuronal networks growing in 3-dimensions at a functional and 
morphological level. Furthermore, this device is more valuable than current standardized techno-
logies due to its physiological relevance of the 3D culture and the multi-parametric approach for 
monitoring the neuronal circuits.


The combination of three sophisticated microengineering techniques, MEA, photolithography, 
and ISLE, led to the highly reproducible and scalable manufacture of this microphysiological de-
vice. First, the MEA, together with the lithographed igloo structures, guaranteed a non-invasive 
recording approach to capture the electrical activity from 3D free-growing neurites. Second, to 
generate the microfluidic piece, a single fused-silica glass is engraved by the ISLE process. This 
MF material entails high biocompatibility and the identical mechanical properties than the MEA 
substrate. Once assembled, the MEA-MF device with 12 independent experiments, suitable for 
imaging and external electrical recordings, can be employed multiple times, due to its reusable 
properties and its robust fabrication.


The validation of this neuronal platform with hippocampal cells demonstrated its usability and 
the high informative value at an electrical and morpho-physiological level. The MF design assured 
homogeneous perfusion of the cell culture and long-term viability of the neurons. Also, the suc-
cessive experiments proved the consistency of recording efficiency and the suitability of this sys-
tem for compound testing.


Nevertheless, conversely to its performance capability, the simultaneous recording of different 
neuronal networks is restricted to 12 experiments that may not fulfill the requirements for high-th-
roughput screening (HTS) studies [126]. In addition, the cell culturing and liquid handling proces-
ses have a low automation degree, as well as the read-out equipment employed, which can lead 
to variability among replica experiments [21]. Overcoming these two challenges might encourage 
the adoption of this new in vitro system in high-content and large-scale studies. 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9.2. Implementations of complementary techniques 
The complexity of the CNS and the poor knowledge of the neuronal communications require mi-
crophysiological systems with a multimodal assessment to improve the in vitro to in vivo extrapo-
lation (IVIVE). The compatibility of the brain-on-chip with alternative techniques offers a more fle-
xible in vitro tool and facilitates its adaptation to a broader number of studies. Indeed, considering 
multiple technical approaches for customizing the system to the ultimate purpose, is one of the 
general recommendations from ORCHID partners for the specification of a new OoC [36].


The presented neuro-microphysiological system is, to our knowledge, one of the most comple-
te devices in terms of the multiplicity of methods to evaluate 3D neural networks. The most signi-
ficant advantage of this system is the possibility to analyze the same neuronal population using 
five different technical approaches: live-imaging, extracellular multi-electrode arrays, Ca2+ ima-
ging, optogenetics, and ICC. 


Additionally, standard biochemical techniques may improve the above-presented brain-on-chip 
applications and facilitate its adoption in disease modelings and compound testing studies [125]. 
However, it would be necessary to degrade the hydrogel and retrieve the 3D growing cells with 
notable efficiency. To this aim, the application of trypsin to the 3D culture for the degradation of 
the Matrigel matrix allows the harvesting of neurons for further assays, and hence, to correlate the 
morphological and functional data to molecular analyses [181]. Alternatively, the medium and the 
hydrogel can also be extracted to profile the metabolism of the culture and find specific biomar-
kers by mass-spectrometry techniques [87] or to quantify the reactive oxygen species (ROS) to 
determine the oxidative stress of the sample [48].


On the other hand, including other cell types as microglia, endothelial cells, pericytes, and oli-
godendrocytes can enhance the value of the system and create a more representative in vitro 
model. Previous in vitro systems have demonstrated the activation of the microglia in 3D cultures 
and the neuroinflammatory response related to neurodegenerative diseases [50]. Also, the inte-
gration of endothelial cells and pericytes in the system allows the inclusion of a blood-brain-ba-
rrier (BBB) model in combination with 3D neurons [86, 92]. 


The final microfluidic design of this project supports the incorporation of other cell types to the 
3D system besides neurons and astrocytes (see Figure 7.13.D). Microglia and oligodendrocytes 
can be combined with astrocytes and neurons in the first lane to better recapitulate the composi-
tion of the brain. Furthermore, the multi-lane membrane-free compartmentalization of the micro-
fluidic design might allow the culture of different cell types in subsequent multi-layers, modeling 
the complex strata distribution of the cortex. Moreover, the surface tension between lanes facilita-
tes the 2D culture of endothelial cells on top of the hydrogel, creating a barrier between the 3D 
neurons and the medium, and therefore, simulating one section of the BBB. 


In summary, to maximize the in vitro-in vivo translation, it is fundamental to complement the 
system with molecular techniques to demonstrate that the biochemical microenvironment simula-
tes the real situation of the brain. Also, the co-culture of neurons with additional cells may recapi-
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tulate more accurately cell intercommunication, cell structure in CNS, and the impact of these ce-
lls in neuronal physiology. 


9.3. Next steps towards complete validation and qualification 
To finalize the validation of the brain-on-chip developed in this project and in line with the brain-
on-chip requirements presented in the section 5.2, we propose three additional implementations  
that may expand its potential for disease modeling and compound screening studies. 


Firstly, it is essential to demonstrate the efficiency of the system with human-derived cells, 
which is the final goal of this in vitro system. In this regard, no significant differences are expected 
since the growth of iPSCs in 3D was already tested in our multi-layer system, and the multi-well 
µ-Slide plate (ibidi). 


Secondly, the automation of the cell culturing and monitoring processes is required to imple-
ment the reproducibility, and profitability of the experiments [36]. The long-term goal is to reduce 
the manual labor and parallelize multiple operations to maximize the efficiency of the brain-on-
chip. That might be achieved by the combination of automated functional and morphological 
measurements of the 3D neuronal network with a robot able to perform the cell seeding, medium 
change, and dispensing of compounds. Actually, there are already encouraging precedents in the 
automation of neuro-microphysiological models. Khalid I. W. Kane et al. established a new auto-
mated system for cell culture and imaging analysis of human-derived neurons in a 2-lane Organo-
Plate (#9603-200B, Mimetas BV, Leiden, The Netherlands) [182]. 


In view of the complete automation of our brain-on-chip, and as part of a collaborative project 
(Baden-Württemberg Stiftung. Grant number: MIVT-7), a custom adaptor has been designed to fit 
our device to the inverted confocal microscope of the robotic cell culture system available at the 
HIH Institute. However, additional methods are needed for the full automation of culturing and 
monitoring. For example, a liquid manipulator adaptable to 384-well plates working in control 
conditions could be integrated for the application of medium and compound. Also, an additional 
electronic multiple pipetting system and cold reservoirs might guarantee the homogeneity and 
cold conditions of the Matrigel-cell mix to automate cell culture. Nonetheless, the most challen-
ging step is the adaptation of the robotic movement to place the device in the USB-MEA256 am-
plifier, and the control of the average noise in the MEA recordings caused by the robotic system. 
Once the brain-on-chip culturing and recording get completely automated, multiple devices with 
3D neural networks could continuously be monitored with high precision and consistency.


Lastly, in order to make the microfluidic chip more profitable for high throughput screenings 
and increase the data producibility, it would be required to increase the performance over the 12 
independent experiments. However, the increase in the number of wells per 256MEA implies low-
ering the electrodes per neuronal culture, reducing the representative data of the electrical activity 
per well. Besides, the number of additional wells is limited by the size of the MEA device. There-
fore, the throughput of the actual system is restricted by the MEA dimensions and the total num-
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ber of electrodes. Figure 9.1 illustrates the latest MF and MEA design with an 18-well layout, simi-
lar dimensions of the MCs, and 14 igloo structures per experiment. For further increase in the 
number of experiments per device, a different MEA substrate and amplifier system would be re-
quired.





FIGURE  9.1. MF AND MEA DESIGN FOR 18-WELL BRAIN-ON-CHIP DEVICE. 
A. MF CAD design with 18-well format. B. MEA layout with 14 electrodes per well.


Regarding the qualification process, the ORCHID Strategy workshop of 2019 suggested some 
useful guidelines applicable to this system [36]. In the first place, it would be worthwhile to per-
form an in-depth comparison of the data obtained with the neuro-microphysiological system and 
the in vivo or 2D classical culture results. The advantages of the newly developed platform are al-
ready clarified, but a quantitative analysis will confirm the evidence of its added value. For instan-
ce, the results obtained with the application of a chemical or pharmaceutical compound in vivo 
and 2D cultures can be compared with this in vitro model [183-185]. Furthermore, the superiority 
of 3D neural cultures could be demonstrated by the correlation of the in vivo gene expression pro-
file with 3D and 2D neurons [49, 59, 60, 62]. Additionally, the new brain-on-chip should be cha-
llenged with a panel of reference compounds to corroborate the relevance of the system. Finally, 
similar experiments across different labs would prove the effectiveness and standardization of our 
device. 

9.4. Future applications 
OoC devices are a combination of tissue engineering and microfluidic technologies expected to 
have a revolutionary effect on disease modeling, toxicity screenings, and the high attrition rates of 
the drug development process [23, 186, 187]. In the following lines, the envisioned impact of the 
brain-on-chip system developed throughout this thesis is discussed.
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9.4.1. Neuronal disease modeling 


In the last decade, numerous neuronal in vitro models based on human-derived cells have been 
designed to accelerate the investigation of CNS disorders and capture the key features of the 
pathological conditions [70, 188] (Table 4.1). These new systems guarantee a better recapitulation 
of the brain complexity in vitro and enhance the physiological relevance of the neuronal cultures.


Neurological disorders affect more than 6% of people worldwide [30], while numbers are ex-
pected to increase due to the longer life expectancy in developed countries [29]. New neuro-mi-
crophysiological systems have a potential solution to better simulate in vitro pathophysiology of 
these disorders since they allow better control, manipulation, and assessment of the neurons. Se-

veral models focusing on Alzheimer’s disease have demonstrated 3D extracellular aggregation of 

the amyloid plaques and neurofibrillary tangles in the ECM [45, 49]. As well, the effect of synthetic 
malformed amyloid-β after the infection of 3D neuronal culture has been proved [39] together with 
the neuroinflammation response associated with the glial cells [50].


Furthermore, the 3D spheroid culture technique of neuronal cells has been employed to model 
glioblastoma tumors and examine its progression and response to compounds [65, 189]. 3D sp-
heroids have also been used to recapitulate the brain development in structural diseases such as 
microencephaly [7]. Moreover, in vitro models with co-cultured endothelial cells have been desig-
ned recently to study the permeability of the BBB in 3D [93, 190].


Nevertheless, none of the above-mentioned 3D in vitro models provides the electrophysiologi-
cal monitoring of neurons. In contrast, our brain-on-chip can record the electrical activity, which 
implies a better control of the functionality of the neurons in 3D. Due to this characteristic, this 
system is also suitable to study epileptic disease models. Regarding neurodegenerative disorders 
such as Alzheimer’s disease, the early functional effect of amyloid plaques accumulated in the 
hydrogel can be assessed in patient-derived neurons growing in the chip. Moreover, the stimula-
ting and electrical recording capability of this platform supports the simulation of synaptic plasti-
city processes; hence the analysis of cognitive problems. In other words, the neuro-microphysio-
logical system validated in this project is highly competitive for the study of several CNS disor-
ders, mainly due to its multi-technological approach and the capability to monitor the neuronal 
culture from different angles.


9.4.2. Drug development


The compounds targeting the CNS are based on traditional 2D cell cultures and animal models, 
which do not represent the complexity of the neuronal disorders [27]. The high failure rate of drug 
efficacy and the unpredicted toxicity effect forces the withdrawal of many compounds in the early 
drug development, increasing production costs and causing the absence of medication for certain 
diseases [186]. Therefore, new approaches are needed to fulfill the gap between pre-clinical and 
clinical studies in order to improve the productivity of the drug discovery process [21]. 

	 	 107



9.  Outlook 


OoC devices, as the neuro-microphysiological system developed in this project, are envisioned to 
have a substantial impact from the target selection to the lead optimization stage of new com-
pounds (Figure 5.1) [21]. The higher throughput of the device ensures faster and efficient testing 
of multiple drugs, benefiting the efficacy and toxicity testing of NME. The integration of these  in 
vitro systems into the drug discovery process may aid in identifying new drug targets or disease 
mechanisms thanks to their higher predictability. Also, the higher precision of the exposure-effect 
monitoring of the MF systems, guarantee an improvement on the pharmacokinetics study of the 
compound. Additionally, the toxic effect previously undetected in animal and in vivo studies would 
be easier to be identified [187].


Once the higher productivity in testing new NME is fully demonstrated, the new in vitro models 
will compete with the animal models in the early drug discovery and the pre-clinical studies (see 
Figure 5.1) [191]. Actually, the adoption of this type of in vitro systems in the drug developing 
market will entail the implementation of the 3Rs: reducing, replacing, and refining the animal tes-
ting.


Despite the multiple advantages contemplated, the incorporation of this newly neuro-mi-
crophysiological system into the drug discovery chain still requires a stronger evidence of its in 
vivo relevance and predictability compared to the standard approaches, i.e., as mentioned above 
for our brain-on-chip, comparative studies demonstrating that results obtained in 3D devices are 
superior to 2D cell cultures and some in vivo techniques.


On the other hand, an in vitro model, like the one presented in this thesis, sets the stage for the 
development of personalized medicine, where individual human-derived neurons can be cultured 
to find differences due to gender, age, origin, or genetic background [192]. Therefore, these mi-
crophysiological systems are promising in vitro tools to test rare neuronal diseases with a low pre-
valence in the population or even to assay the pharmacologic effect in individual patients to pre-
dict the response depending on a specific biological factor (personalized medicine) [25].


9.4.3. Neurotoxicity screenings  


Besides the associated neurotoxicity during the drug discovery process, other chemicals as inor-
ganic metals, pesticides, and organometals can damage the CNS and be part of environmental 
toxicity [177]. There is an expected impact of the OoC technology on the fabrication of agro-food 
products, chemicals, and cosmetics, overall considered a useful tool for the toxicity and risk as-
sessment testings [24]. Currently, most toxicity screenings performed during the chemical risk as-
sessments are based on animal models. However, in many cases, the toxicity observed in animals 
can not be translated to humans [177]. 


As part of the standard neurotoxicity screenings, it is fundamental to distinguish between 
structural and functional tests. Histopathological analysis detects the structural neurotoxicity and 
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tissue damage [27], whereas electrical techniques study the seizure or sedation side effect of the 
compounds [193]. 


Since the commercialization of the MEAs, the strengths of these devices for functional scree-
ning of compounds were proved in 2D neuronal cultures [16, 194]. MEAs are a simplified platform 
that generates physiological relevant information about the functional state of the neurons and 
their connections, with high stability and suitable for multiple possible targets testing at once [16]. 
Indeed, the NeuTox committee has determined the utilization of MEAs as the most appropriate 
technique for functional toxicity analysis to predict the seizurogenic and sedation effect [174]. 
They also directed the following steps towards platforms with higher throughput that allow the 
assessment of multiple dosages and compounds at the same time [175, 176].


The first toxicity study on a 3D neuro-microphysiological system was published by Pamies D.-
group las year. In this article, they confirmed the rotenone side effects in human-derived brain sp-

heroids [48] and corroborated its potential environmental risk factor for Parkison’s disease 

[195]. In vitro platforms, as the BrainSpheres of this research, may improve the predictive capabi-
lity of the toxicity testings. Nevertheless, this model did not consider the electrical activity of the 
neurons growing in 3D, which could capture the first indication of the toxicity effect. The brain-on-
chip developed in this project provides a more complete tool to explore the neurotoxicity effect of 
chemicals at a morphological, functional, and molecular level. Additionally, the exposure of  in vi-
tro  3D neurons to environmental chemicals might help the finding of neurotoxicity biomarkers 
[177].


9.5. Brain-on-chip in the market: challenges and forecast 
As a consequence of the huge market opportunity, the number of patents and publications related 
to newly developed approaches in the OoC field has an increasing rate of 38% per year [196]. 
Moreover, Yole Development (Yole) report estimates this technology to be a multi-billion dollar 
market in the upcoming years, based on the strong capacity to help pharmaceutical companies 
for its transition from pre-clinical to clinical studies [197].


In essence, there are three different products available for the validated OoC that can be pre-
sented in the market: the commercialization of OoC as an in vitro device ready to use, OoC inclu-
ding cell culture, and a full-service in-house performing all tests requested by the costumers. The 
latter is usually the most attractive for small OoC corporations since it aids in comprehending the 
end-user needs and the real potential of the technology [24]. By now, the production on a large 
scale and commercialization represent a low number of the total OoC initiatives. Most of the en-
terprises develop prototypes on a small scale for specific scientific purposes or full scientific ser-
vice, as a contract research organization (CRO), providing a multi-disciplinary work to the custo-
mer [198].
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In recent years, companies focused on the neuronal system have expanded along with the matu-
ration of microfluidic technology [198]. Initially, based on the work of Dr. Noo Li Jeon, Xona Micro-
fluidics LLC was founded for the development of XonaChipsTM, plastic devices for the compart-
mentalization of the cell body and axons [33, 199]. Extending the same approach, MicroBrain Bio-
tech was built on the work of Dr. Bernadette Bung for the fabrication of microfluidics with micro-
tunnels capable of controlling the axonal direction growth [41, 42]. Subsequently, and with the de-
velopment of tissue engineering, Mimetas was founded by Dr. Paul Vulto and Dr. Joos for the lar-
ge scale production of OrganoPlateTM, a versatile chip with a phase guide microfluidic configura-
tion that allows the growth and perfusion of neurons in 3D [35]. Lastly, in 2014 Dr. Michael Moore 
at Tulane University set up AxoSim for the commercialization of Nerve-on-chip TM and mini-
brains [48, 200].


It is important to remark that the success of these neuro-microphysiological devices did not 
depend only on the technology innovation, but also on the adoptability by other end-users [125]. 
For the transfer of technology, the usability aspect and profit compared to the in vitro models 
available should be considered. For instance, the main benefit of the brain-on-chip developed 
though this project is the capability to capture the electrical activity of 3D neuronal networks, a 
feature missing in the above-mentioned microphysiological systems.


However, for the real estimation of the brain-on-chip technology impact, it is required to exa-
mine the gap between the potential of the new devices and the demand for more predictive in vi-
tro models of the nervous system. The development of more 3D  in vitro systems with high th-
roughput and compatible with human-derived cells suppose a big step forward their adoption in 
the drug discovery process and their standardization as a new tool for testing compounds. No-
netheless, despite the great progress, a final effort is still crucial to benchmark the productiveness 
and functional qualities of this new technology.
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10. Materials and methods

This section describes the experimental work and the materials in chronological order according 
to the techniques applied in the different chapters.


10.1. MEA design and production  
The different MEA designs were drawn with the CleWin 5 software (WieWeb software, the Nether-
lands), and the production was internal at the NMI TT (NMI Technologietransfer GmbH, Microde-
vices, Germany), a small company with long-term expertise in MEA production. The electrodes 
were arranged in a custom manner for the different MF chips. The MEAs had 120 or 256 electro-
des based on a 49x49 mm2 float glass and made of titanium nitride (TiN) or gold recording tips. 
The conduction paths and contact pads were made of indium tin oxide (ITO), and the MEA was 
insulated with silicon nitride (SiNx). TiN, gold, ITO, and SiNx deposition processes were already 
well established in the NMI, reducing time spent on improving and customizing the design of new 
MEAs [201].


10.2. Microfluidic fabrication 
The microfabrication approach has been improving and changing during the entire project. The 
production techniques used are explained in the following sections according to the type of mi-
crofluidic device generated.


10.2.1. PDMS MF chip production, cleaning, and alignment to MEA


Initially, the MF chips were produced by pouring PDMS (Sylgard® 184 Silicone Elastomer Kit) 
onto a custom master molding in a 145 mm Petri dish (639102, Greiner Bio One International 
GmbH). The masters had a negative pattern of the desired microfluidic chip and were designed by 
CleWin 5 software and produced at Delta Mask B.V. (Enschede, the Netherlands). From each 
mold, 18 MF chips were generated. Figure 10.1 illustrates the dimensions of one single PDMS  
MF chip. 


Before pouring, the two parts of the PDMS kit were weighed in a 1(Curing): 10(Base) ratio in a 
plastic cup and mixed at 2000 rpm for 2 min in a Speed MixerTM (DAC 150.1 FVZ-K, Hauschild & 
Co. KG, Hamm). The PDMS mix was poured on to the mask and baked at 40  ºC for 12 h in a 
heating oven (T6060, Heraeus, Hanau) after removing the bubbles in an exsiccator vacuum (Nal-
gene, Paul Merienfeld GmbH & Co. KG, Germany). Then, the PDMS was removed from the mold 
with the aid of isopropanol and baked again at 100  ºC for 12 h. After complete curation of the 
PDMS, with the help of a blade scraper (Meister Werkzeuge GmbH, Wuppertal), the individual 
chips were isolated and with a dermal biopsy punch of 2 mm diameter (Harris Uni-Core 2.0, Sig-
ma-Aldrich Chemie GmbH, Munich) the six reservoirs were punctured. 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To ensure good cleaning of the PDMS chip, each single MF was rinsed with distilled water and 
immersed in isopropanol inside a sonicator bath (VWR® Ultrasonic Cleaner, VWR International, 
LLC) for five minutes. For the non-permanent attachment of the PDMS to the glass substrate, the 
MEAs were plasma treated (Plasma cleaner/sterilizer PDC-32G, Harrick Plasma, Ithaca, US) for at 
least 1 min at 0.5 mTorr and MF attachment surface was activated by UV light (UV chamber, GS 
Gene Linker®, Bio-Rad Laboratories GmbH, Munich). Finally, the microtunnels were aligned with 
the electrodes of the MEA with the Fineplacer® (Finetech GmbH & Co. KG, Berlin). 


FIGURE  10.1. PDMS MASK. NEGATIVE IMAGE OF A SINGLE PDMS CHIP. 

10.2.2. Multi-layer MF fabrication 


The development of the multi-layer microfluidic device was performed on top of customized MEA 
at Institute's cleanroom. The MEAs were made in float glass of 1 mm, had ITO conduction paths 
and gold electrodes and pad contacts. The fabrication process is illustrated in Figure 10.2 for cla-
rification. 


Before starting the production, the MEAs were cleaned with acetone and isopropanol, treated 
with oxygen plasma for 2 min (PECVD, Piccolo, Plasma Electronic GmbH, Germany) and dehydra-
ted in the oven at 150 ºC for at least 1 h (Memmert GmgH & Co., KG, Germany). SU-8 2002 (Mi-
croChem, MA, US) was spin-coated for 10 s at 500 rpm and 30 s at 1000 rpm to create the first 
thickness of 5 µm, and soft-baked at 95 ºC during 5 min with a ramp of 35% and cooled down at 
RT. To generate the pattern of the microtunnels, exposure was performed at 250 mJ/cm2 with an 
i-line filter on an MA6 mask aligner (SÜSS MicroTec AG, Garching, Germany). After exposure, the 
next baking step was carried out at 95 ºC 35 % ramping for 5 min and cooled down to RT. The 
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substrates were then developed in the mr-Dev 600 (micro resist technology GmbH, Berlin, Ger-
many) for 40 s, rinsed with isopropanol, and dried with nitrogen. Ultimately, the substrates were 
ramped up to 150 ºC, baked for 30 min, and ramped down to RT to make the first layer resistant 
to the following developing steps.


FIGURE  10.2. PROCESS OF MF FABRICATION BY UV-LITHOGRAPHY AND LAMINATION. 
Modified from Nanofluidic technology for chemical neurostimulation (p. 94) by permission of Peter D. Jones, 2017 [139].  

To build the second layer, 150 µm thick SUEX-foil (SUEX TDFS, D150, DJMicroLaminates, USA) 
was laminated at 75-80  ºC and 3 mm/s with a flat paper separator and exposed at energy of 
2500 mJ/cm2 with an i-line filter. Substrates were then 35 % ramped up to 45 °C and baked for 
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2 h, ramped again to 65 °C and baked for 1 hour, and cooled down to RT. The SUEX was develo-
ped in cyclohexanone for 10 min in the mr-Dev 600. Afterward, the devices were rinsed with iso-
propanol, blow-dried with nitrogen, dipped slowly in the developer and rinsed again with isopro-
panol. 


To create the perforated mesh of 20 µm and close the top part of the microfluidic chip, a lami-
nation of ADEX A20 (ADEXTM TDFS A20, MicroLaminates Inc, MA, US) was subsequently per-
formed. The third layer was exposed at 600 mJ/cm2 with an i-line filter and ramped 35% to 65°C, 
baked for 1 h, and cooled down to RT. Lastly, ADEX was developed with cyclohexanone for 3 min, 
rinsed with isopropanol, and dried with nitrogen. The main microfluidic structures were then ready. 


FIGURE 10.3. MULTI-LAYER MF CHIP AND MEA. 
A. Custom MEA design for the multi-layer microphysiological device. B. Microfluidic diagram with the three fabricated 
layers and the multi-well COC. C. Magnification of one experiment with dimensions in µm. Customized photomask for 
the exposure of the first (D), second (E) and third layer (F).
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Figure 10.3 shows the different masks used at each fabrication layer and the MEA design for this 
device (CleWin 5 software,WieWeb software, the Netherlands). Finally, to ensure the complete 
cross-linking of every epoxy-resin layer, the multi-layer MF was baked at 200 ºC for 30 min with a 
ramp of 6 h up and down (UFE500, Memmert GmgH & Co., KG, Germany). 


The  COC multi-well structure (COC 6013, TOPAS Advanced Polymers GmbH, Germany) was 
cleaned with acetone and isopropanol in a sonicator bath and plasma-treated together with the 
multi-layer MFMEA chip for 90 s. Alignment of COC and MFMEA was performed under the bino-
culars, and EPOTEK® 301-2FL (Epoxy Technology Inc., MA, US) was added drop-wise (1µl) at the 
edges to promote the leaking of the glue between the third layer of the chip and the COC multi-
well. For the complete curing of the glue, the whole multi-layer chip was baked again at 80 ºC for 
3 h with a ramp of 1.5 h.


10.2.3. Igloo structure microfabrication 


Igloo structures were manufactured in the cleanroom by photolithography and lamination. For the 
initial recording performance tests, two different batches of igloo structures with varied designs 
were produced on standard 256MEAs with TiN electrodes of 30 µm diameter, pitch of 200 µm, 
and ITO conduction paths. Figure 10.4 illustrates the two different mask designs.




FIGURE  10.4. PHOTOMASK DESIGNS FOR IGLOO STRUCTURE PRODUCTION ON STANDARD 256MEA. 
A. Mask for the first igloo design with diameters from 45µm to 150µm, 2 to 6 openings and width of the microtunnels 
from 5-7.5µm. B. Mask for the second batch of igloo structures with a diameter of 200 or 300µm, 2 to 24 openings and 
fractal microtunnels designs.
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Once the capacity of capturing the electrical activity of the 3D neuronal network was confirmed, 
the final design of igloo structures was developed on custom 256MEA with gold electrodes of 
30 µm diameter arranged in 12 independent experiments. Figure 10.5 depicts the MEA design 
and the igloo masks for one single experiment.




FIGURE  10.5. PHOTOMASK DESIGNS FOR FINAL IGLOO STRUCTURE PRODUCTION ON CUSTOM 256MEA. 
A. 256MEA layout for the final brain-on-chip system with electrodes arranged in 12wells. B. Higher magnification of one 
single experiment with 21 recording electrodes and one reference electrode in the reservoir. Dimensions indicated in 
µm. C. Photomask for the second layer of the igloos. D. Photomask for the first layer of the igloos. 


The development process was similar in the three different productions. First, MEAs were cleaned 
with acetone and isopropanol, treated with oxygen plasma for 2 min (PECVD, Piccolo, Plasma 
Electronic GmbH, Germany) and baked for 1 h at 150 ºC for activation of the surface (Memmert 
GmgH & Co., KG, Germany). Then, SU-8 2002 (MicroChem, MA, US) was spin-coated for 10 s at 
500 rpm and 30 s at 1000 rpm to create a layer of 5 µm (Spin-coater Convac 1001, ST 146). Sub-
sequently, the thin SU-8 substrates were baked at 95  ºC with a 35 % ramp for 5 min, cooled 
down at RT, and exposed at an energy of 250 mJ/cm2 with an i-line filter on an MA6 mask aligner 
(SÜSS MicroTec AG, Garching, Germany). Post exposure, substrates were ramped up 35% to 95 
°C, baked for 5 min, and cooled down to RT before development in the mr-Dev 600 for 20s (micro 
resist technology GmbH, Berlin, Germany). Finally, substrates were rinsed with isopropanol, ram-
ped up to 150°C, and baked for 30min at 150ºC.


In order to cover the tunnels with a 20 µm cap, a second layer was developed by lamination of 
20 µm ADEX-foil with a paper separator (ADEXTM TDFS A20, MicroLaminates Inc, MA, US) and 
exposed at 600 mJ/cm2. Then, substrates were ramped at 35 % and baked for 1 h at 65 ºC, co-
oled down to RT, and developed in cyclohexanone in two steps of 4 min each. Lastly, the MEAs 
with the igloo structures were rinsed and immersed in isopropanol for 1 min and baked for com-
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plete cross-linking of the epoxy-resins at 170 ºC for 30 min with a ramp of 6 h up and 6 h down 
(UFE500, Memmert GmgH & Co., KG, Germany).


The UV-lithography and lamination process is similar to the process previously presented; ho-
wever, in this case, the microstructures were restricted to the electrodes area, and the developing 
process included of two layers instead of three as described in Figure 10.6. The microfabrication 
approach was implemented by a simplified process, increasing the success rate and repeatability.


  

FIGURE  10.6. IGLOO FABRICATION PROCESS ON MEA BY PHOTOLITHOGRAPHY AND LAMINATION. 

10.2.4. Monolithic glass MF production and alignment


The fabrication of the monolithic MF chip was outsourced to FEMTOprint SA (Switzerland) to be-
nefit from its high-precision technology for 3D glass micro-devices production. The custom de-
sign was produced with the Autodesk Inventor Software (Autodesk Inc. CA, US) and sent to the 
company for production. 


By selective laser-induced etching process (ISLE), a solid piece of glass was treated with high-
energy laser in a binning focus approach programmed according to the custom 3D design. The 
glass properties of the areas lighted with the laser were modified in a micrometer resolution and 
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then removed by immersing the device in etching liquid to create the monolithic piece with hollow 
structures [154, 157].


For a high-resolution assembly, MEA with microfabricated igloos and the monolithic MF glass 
were placed in a custom-made metal adapter (Weerg Srl, Italy) under the binoculars after the ap-
plication of EPOTEK® 301-2FL (Epoxy Technology Inc., MA, US). The glue was dispensed with a 
fluid-dispenser pump (Ultimus I, Nordson EFD, Germany) at 30 mPa with a time of 1 s, distributing 
100 drops around the MF glass bonding surface to create a 5 µm thick glue layer. Ultimately, the 
brain-on-chip devices were baked within the adapter at 80ºC for 3h with a ramp-up and down 
time of 6 h and cooling down to RT.


TABLE  10.1. DIMENSIONS AND VOLUME CAPACITY OF THE FINAL MF SYSTEM FABRICATED BY ISLE. 

10.3. Hippocampal neuron preparation and dissociation 
Primary culture of dissociated murine hippocampal neurons is the biological pillar of all the valida-
tion experiments in this project. The preparation protocol was adapted from different literature 
sources [108, 119, 202]. Pregnant Swiss strain mice were supplied by Janvier Labs (France) and 
kept in the animal facility of the Institute until the day of preparation. Mice were placed in indivi-
dual cages (GM500 for Mice and DGM, Tecniplast Group, Germany) monitoring their ventilation by 
a filter system (Smart Flow AHU, Tecniplast Group, Germany) on a 12 h light/dark cycle, with wa-
ter and food ad libitum. All experiments were conducted in accordance with the European Union 
(EU) Legislation for the care and use of laboratory animals (Directive 2010/63/EU, of the European 
Parliament on the protection of animals used for scientific purposes, German TierSchG (Tiers-
chutzgesetz) with latest revision 2019, [203]). 


Pregnant mouse was sacrificed by euthanasia at approximately 16-17 days post-fertilization, 
sprayed with ethanol, and placed on a sterilized bench. A mid-ventral opening was made with 
dissecting scissors and forceps, and embryos (E16-17) were placed in a pre-cooled petri dish 
with Hank's Balance Salt Solution (HBSS -/-) (14170112, Thermo Fisher Scientific, MA, US). Prena-
tal pups were then decapitated with sterile scissors and removed heads were transferred to a 
fresh cold HBSS-/-  under the dissecting microscope (SMZ-171, Motic, Hong Kong). To extract the 
brains, the cranium was opened from neck to nose with scissors and the brain was ventrally de-
tached with the aid of forceps and placed in another petri dish with cold HBSS -/-. Cerebral he-
mispheres were separated, and the cerebellum removed by a cut with a scalpel (0205, scalpel 
blades No.15, Swann-Morton, UK), as indicated in Figure 10.7. Then, with micro forceps, the 

118

Height Width Volume

Third lane 1,1 mm 3,5 mm 28,5 µL

Second lane 1 mm 1,5 mm 1,5 µL

First lane 900 µm 1 mm 9 µL
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brainstem and the meninges of each hemisphere were removed to visualize the hippocampus, a 
darker curved structure that is located from the distal part of the hemisphere to the ventral area. 
The hippocampus was isolated by cutting around the convex zone using two micro forceps. If 
needed, remainder cortex around the hippocampus was cleaned to obtain a clean hippocampus 
structure. 


This procedure was repeated for each prenatal pup depending of the number of cells needed. 
Roughly, after the dissociation more than half million cells were obtained from each brain. The iso-
lated hippocampi were then collected with a pipette of 1000 µL, transferred to a Falcon conical 
tube with pre-cooled HBSS -/- and centrifuged at 200 G for 2 min (5804, Eppendorf AG, Germany).


    

FIGURE  10.7. HIPPOCAMPAL DISSECTION. 
Optical microscopy images of each dissection step (left) and schematic illustrations modified from the book “New met-
hods for Culturing Cell from Nervous Tissues” (right) [202]. a. The brain was extracted, divided by the hemispheres (1) 
and the cerebellum discarded (2). b. For better visualization of the hippocampus, the brain stem was detached. c. The 
meninges were removed from the olfactory bulb to the ventral area (1) and the choroid plexus (2) discarded. d. Finally, 
the hippocampus was isolated cutting around with two forceps.


 

The dissociation procedure followed the guidelines of the Neural Tissue Dissociation Kit (T) 
(130-093-231, Miltenyi Biotec GmgH, Germany). The only modification of the manual dissociation 
protocol was the filtering though the MAC SmartStrainer of 70 µm (130-098-462, Miltenyi Biotec 
GmgH, Germany) with the solution indicated in the following table (Table 10.2) to block the enzy-
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me trypsin. After filtering, cells were counted with the automated cell counter NucleoCounter® 
NC-200TM (ChemoMetec A/S,  Denmark) and centrifuged at 300 G for 5 min (5804, Eppendorf AG, 
Germany). Then, the supernatant was aspirated, and the pellet of neuronal cells resuspended in 
plating media (Table 10.3) for further application. To avoid overestimating the number of cells after 
centrifugation, a second cell count was performed for higher precision.


TABLE 10.2. FILTERING MEDIUM. 

TABLE 10.3. PLATING MEDIUM FOR HIPPOCAMPAL CULTURES. 

TABLE 10.4. MATURATION MEDIUM FOR HIPPOCAMPAL CULTURES. 

Filtering medium Dilution 10 mL of  
medium Catalog number

Neurobasal PlusTM Medium 8.95 mL A3582901, Gibco, Thermo Fisher Scienti-
fic, MA, US 

Fetal Bovine  
Serum 1:10 1 mL 10082139, Thermo Fisher Scientific, MA, 

US

Penicillin-Streptomicyn 1:200 50 µL P4333-20mL, Sigma-Aldrich, Merck 
KGaA, Germany

Plating medium Dilution 10 mL of  
medium Catalog number

Neurobasal PlusTM Medium 9.75 mL A3582901, Gibco, Thermo Fisher Scienti-
fic, MA, US 

SM1 Neuronal Supplment 1:50 200 µL 5711, STEMCELL Technologies Inc., 
Germany

Penicillin-Streptomicyn 1:200 50 µL P4333-20mL, Sigma-Aldrich, Merck 
KGaA, Germany

Maturation medium Dilution 10 mL of  
medium Catalog number

BrainPhysTM Neuronal medium 9.75 mL 05790, STEMCELL Technologies Inc., 
Germany

SM1 Neuronal Supplment 1:50 200 µL 5711, STEMCELL Technologies Inc., 
Germany

Penicillin-Streptomicyn 1:200 50 µL P4333-20mL, Sigma-Aldrich, Merck 
KGaA, Germany
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10.4. Two dimensional neuronal cultures 
For the proper adherence of the cells to the 2D substrate, it is necessary to coat the surfaces. The 
MEAs and glass substrates were coated with Poly(ethyleneimine) (PEI) solution at 0.075 % in bo-
rate buffer (Table 10.5 and 10.6) for 1h at RT after sterilization by plasma treatment for 2 min 
(Plasma cleaner/sterilizer PDC-32G, Harrick Plasma, Ithaca, US). The solution of PEI was then 
removed, and the surface washed four times with bi-distilled water and dried at RT. Subsequently, 
substrates were coated with laminin solution at 40 µg/mL in DPBS o/n at RT inside a humidified 
box or for 2 h in the incubator at 37ºC. Before seeding the cells, the laminin solution was washed 
four times with the plating medium (Table 10.3).


TABLE 10.5. COATING SOLUTIONS. 

TABLE 10.6. BORATE BUFFER SOLUTION. 

10.4.1. On standard MEA


The coated area on the standard MEA substrates for 2D experiments was limited to the well of 
3 mm of diameter inserts. These inserts were made by PDMS, and the well punched with a der-
mal biopsy punch (Harris Uni-Core 3.0, Sigma-Aldrich, Merck KGaA, Germany). After cleaning 
with isopropanol in a sonicator bath, the attaching surface was activated with UV light to promote 

Coating  
solutions Dilution Catalog number

PEI  
solution

Solute PEI
0.075 % (w/v)

P3143-100ML, Sigma-Aldrich, Merck 
KGaA, Germany

Solvent Borate buffer 
50mM at pH 8.4 Table 10.6

Laminin  
solution

Solute Laminin solution 
1mg/mL

40 µg/mL

L2020-1MG, Sigma-Aldrich, Merck 
KGaA, Germany

Solvent DPBS +/+ 1404033, Gibco, Thermo Fisher 
Scientific, MA, US 

Borate buffer Dilution 500 mL of  
50 mM buffer Catalog number

Bi-distilled water 500 mL

Boric acid 20X 50 mM 1.55 g B9645, Sigma-Aldrich, Merck KGaA, Germany

Sodiumtetraborate 24 mM 2.375 g 221732, Sigma-Aldrich, Merck KGaA, Germany

pH adjusted to 8.4
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the adherence to the MEA glass (UV chamber, GS Gene Linker®, Bio-Rad Laboratories GmbH, 
Germany). The MEAs were sterilized by plasma-cleaning for 2 min (Plasma cleaner/sterilizer PDC-
32G, Harrick Plasma, Ithaca, US). Then, inserts were aligned under the binoculars to center the 
well into the electrode array of the MEAs. The approximate volume of the inserts was 20 µL. The 
cell density on MEA was between 1400 and 1700 cells/mm2, equivalent to 10-12 k cells per insert. 


Approximately 12h after the plating of the neurons, the inserts were removed, and additional 
medium dispensed to fill the MEA reservoir ring. Plating medium was substituted for maturation 
medium after 5 to 6DIV (Table 10.4).


10.4.2. On PDMS MF chips


The coating of the PDMS MF chips was carried out once the chip was assembled on the MEA 
substrate, as indicated in section 10.2.1.


The coating procedure mentioned above was performed, avoiding the creation of bubbles and 
keeping the MCs hydrophilic to ensure an adequate flow of the cell solution. The cell density see-
ded in these chips was between 7k to 5k cells/mm2. After the plating, the medium was changed 
every two days and substituted for maturation medium at 5 to 6DIV (Table 10.4).


10.5. Three dimensional cell cultures 
Microphysiological devices for 3D neuronal cultures were used directly without pre-coating. Im-
mediately before plating the cells, the chips were plasma-treated for 2 min at medium potency 
(Plasma cleaner/sterilizer PDC-32G, Harrick Plasma, Ithaca, US) to sterilize and hydrophylize the 
device and prevent hydrogel clogging.


10.5.1. Matrigel matrix


Most of the 3D cultures performed in this project were based on the Matrigel matrix that creates 
the scaffold for the neuronal growth (356230, Grow Factor Reduced Matrigel® matrix, Corning In-
corporated, MA, US). The ratio of hydrogel/cell solution was established at 75 % of the volume 
Matrigel and 25% cell solution. As this hydrogel has a polymerization temperature-dependent 
over 20  ºC, all plating procedure was performed in cold conditions. The hydrogel aliquots were 
thawed in a pre-cooled rack (CoolRack® M30-PF, BioCision, CA, US) inside an isolated box (Co-
olBox®  30 System, BioCision, CA, US), keeping the Matrigel under 6 ºC. Pre-cooled pipets tips 
and microcentrifuge tubes were used for Matrigel handling. In addition, during the plating, mi-
crophysiological devices were placed on a pre-cooled metal plate (CoolSink® XT 96F, BioCision, 
CA, US) under the binoculars (SMZ-171, Motic, Hong Kong) to keep the substrate cold.
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The cell solution in the plating medium was mixed 1:4 with Matrigel in a pre-cooled 1.5 mL tube 
just before seeding. The hydrogel-cell solution mix was then pipetted quickly into the reservoirs of 
the MF device under the binoculars. Rapidly, the chip was placed upside-down in a humidified 
petri dish and incubated at 37 ºC for 10 min to promote the polymerization. The gelation with the 
chip inverted ensured an even distribution of the neurons throughout the hydrogel thickness, 
avoiding cells to settle down on the bottom of the chip. After polymerization, the second lane/well 
was filled with plating medium and the device was placed in the incubator.


10.5.2. HA-TG enzymatic hydrogel


The hydrogel based on HA and cross-linked by transglutaminase (TG) activity of the activated 
blood coagulation factor FXIII was established at the NMI by collaboration with Dr. Nicolas Bro-
guiere at the ETH Zürich [7]. For gel formation, HA with linked transglutaminase peptides (TG) and 
activated FXIII were mixed. The HA-TG particles were synthesized at the ETH, generating two ty-
pes of HA solutions, with reactive glutamine residue (TG/Gln: NQEQVSPL-ERCG) or with lysine 
residue (TG/Lys: FKGG-GPQGIWGQ-ERCG).  
The FXIII (Fibrogammin 250/1250, CSL Behring, PA, US) was resuspended at 200 U/mL in bi-disti-
lled water, aliquoted at 100 µL and frozen at -80 ºC. For its activation (FXIIIa), one aliquot was mi-
xed with 3.2 µL of Thrombin (Tissucol, Baxter, US), 2 µL of 100 mM of CaCl2 and incubated at 
37 ºC for 15 min in a water bath (513, Julio GmbH, Germany). 


HA-TG/Lys and HA-TG/Gln were resuspended at 1.5 % (w/v) in sterilized TBG buffer with a pH 
of 7.6 (Table 10.7). Then, the two solutions were mixed in equal parts and aliquoted. The day of 
the experiment, an aliquot of FXIIIa and of HA-TG was thawed and mixed with the cell solution 
resuspended in TBG buffer to get a hydrogel with FXIIIa at 10 U/mL and HA-TG 0.5 % (w/v) con-
centration (Table 10.8). Polymerization arose 2-3 min after adding the FXIIIa, but inverted MF chip 
was incubated for 10 min in a humidified petri dish to ensure the stiffness homogeneity before 
adding the medium. 


Initial tests to establish the gelation process of this hydrogel and others mentioned in Table 7.1  
were carried out by using magnetic beads solution (PS-MAG, S1985, microParticles GmbH, Ger-
many).


TABLE 10.7. TRIS BUFFER GLUCOSE (TBG) FOR ENZYMATIC HYDROGEL. 

TBG buffer Final  
concentration 100 mL Catalog number

Bi-distilled water 100 mL

Tris base 50 mM 0.61 g 252859, Sigma-Aldrich, Merck KGaA, Germany

Glucose 100 mM 1.98 g G7021, Sigma-Aldrich, Merck KGaA, Germany

CaCl2 50 mM 0.74 g T885.2, Carl Roth GmbH, Germany

pH adjusted to 7.6
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TABLE 10.8. HA-TG ENZYMATIC HYDROGEL COMPOSITION. 

10.5.3. Multi-layer device


The hydrogel lane had less than 1  µL of capacity, a surface of 1.9  mm2, and a thickness of 
150 µm. The media wells contained 30 µL each. Neurons were seeded at a range of 7 k/µL to 
20 k/µL by manual pipettes (Manual Set, INTEGRA Bioscience AG., Switzerland). For adding the 
medium, the electronic pipette (VIAFLO 12 125µL, INTEGRA Bioscience AG., Switzerland) was 
employed.


10.5.4. Multi-well µ-Slide plates


For the establishment of the ICC protocol and hydrogel testing the ibidi® multi-well µ-Slide plates  
(81506, ibidi GmbH, Germany) were employed. The hydrogel-cell mix was dispensed in the inner 
well that had a surface area of 12.5 mm2 and a volume of 10 µL. After polymerization, 50 µL of 
medium was added to the upper well. The thickness of the hydrogel was 800 µm and cells were 
plated at a density between 3 k/µL to 10 k/µL.


10.5.5. Final brain-on-chip device


The hydrogel lane had 9 µL of capacity. After the polymerization of the Matrigel, 50 µL of plating 
medium was added to fill the second and third lanes of the MF chip. After 5 to 6 DIV medium was 
substituted for maturating medium. The surface of the first lane was approximately 10 mm2 and 
the thickness of the hydrogel 900 µm. Neurons were seeded at a density from 1.5 k/µL to 5 k/uL 
with manual pipettes (Manual Set, INTEGRA Bioscience AG., Switzerland), and the medium was 
dispensed with the electronic pipette at a speed of 1(VIAFLO 12 125µL, INTEGRA Bioscience 
AG., Switzerland).


HA-TG enzymatic hydrogel  
composition

Stock  
concentration

Final  
concentration

Volumes for 10 U/mL 
FXIIIa and 0.5% HA-TG

TBG cell solution 37 µL

HA-TG 1.5% (w/v) 0.5 % (w/v) 20 µL

FXIIIa 200 U/mL 10 U/mL 3 µL

Total volume = 60 µL
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10.6. AAV transduction of cultured neurons  
Neurons in culture were transduced with different adeno-associated viruses (Table 10.9) after 
1-2DIV for imaging purposes. For both 2D and 3D neuronal cultures, medium was half exchanged 
for plating medium containing the viral particles. Five days after transfection, expression of GFP 
or mCherry fluorescent proteins was confirmed by microscopy (EVOS® FL, AMF 4300, Thermo 
Fisher Scientific, MA, US). 


The multiplicity of infection (MOI) varied from 1x105 to 1x106 depending of the type of culture 
and device employed. The efficiency of transduction was not calculated but estimated by aid of 
the confocal microscope (Cell Observer® System with spinning disk head, Carl Zeiss, Germany). 
Almost all neurons expressed the fluorescent proteins after 7DIV.


TABLE 10.9. LIST OF ADENO-ASSOCIATED VIRUS FOR NEURON TRANSDUCTION. 

10.7. Immunostaining of 3D neuronal cultures 
For the labeling of specific cell types or subcellular structures of the 3D neuronal networks, Matri-
gel was fixed with filtered 4 % (w/v) PFA (0335.3, Carl Roth GmbH, Germany) and 4 % (w/v) glu-
cose solution at 37 ºC for 20 min and rinsed five times with washing buffer (Table 10.10). The wa-
shing buffer was substituted for permeabilization buffer, and the MF device was placed on the 
rocker (NR101, Next Advance Inc., NY, US) at RT for 1 h. Then, the hydrogel was rinsed five times 
with washing buffer, replaced for blocking buffer (Table 10.10) and incubated o/n on the rocker in 
the cold room. The next day, the blocking buffer was removed and the primary antibody solution 
(Table 10.11) was added and incubated o/n at 4 ºC. The first antibody was then washed three ti-
mes with washing buffer and incubated at 4 ºC on the rocker for 30 min before the application of 
the secondary antibody solution (Table 10.12), which was incubated o/n at 4 ºC on the rocker. Fi-

Name of adeno-associa-
ted virus (AAV) promotor gene of interest name Application Catalog 

number

pAAV-hSyn-EGFP human 

Synapsin 1 eGFP morphological 

assessment

50465 - AAV1, 
addgene, MA, 
US

pAAV-hSyn-
hChR2(H134R)-EYFP

human 

Synapsin 1

humanized ChR2 with 
H134R mutation fused 
to EYFP

optogenetic 
activation 

26973 - AAV1, 
addgene, MA, 
US

pAAV.CAG.hChR2(H134R)-
mCherry.WPRE.SV40 

CAG synthetic 
promoter

humanized 

channelrhodopsin 2 with 
H134R mutation fused 
to mCherry 

optogenetic 
activation 

100054 
-AAV1, 

addgene, MA, 
US

pAAV.Syn.GCaMP6f.W-
PRE.SV40 

human 

Synapsin 1

ultra sensitive protein 
calcium sensor 

(GCaMP6)

Ca2+ imaging

100837 - 
AAV1, 

addgene, MA, 
US
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nally, after rinsing three times with washing buffer and incubating o/n at 4 ºC, the hydrogel was 
perfused with mounting medium (Slowfade Diamond, 2054439, Thermo Fisher Scientific, MA, US) 
to improve the fluorescence retention, preservation over time and to label the nuclei by DAPI.


Each washing step was performed carefully preventing hydrogel drying by removing half of the 
volume on top of the gel and under the dissecting microscope (SMZ-171, Motic, Hong Kong).


TABLE 10.10. BUFFERS FOR 3D NEURONAL IMMUNOCYTOCHEMISTRY. 

ICC buffers Composition Catalog number

Washing buffer DPBS -/-  with 0.2 %(w/v) Fish skin gelatin

14190250, Gibco, Thermo Fisher 
Scientific, MA, US 


G7765, Sigma-Aldrich, Merck KGaA, 
Germany

Permeabilization 
buffer 

Washing buffer with 0.3 %(w/v) Triton 
X-100

T9284, Sigma-Aldrich, Merck KGaA, 
Germany

Blocking buffer 
and  

Ab carrier solution

Washing buffer with 0.2 %(v/v) of normal 
donkey serum and 0.1%(v/v) of permeabi-
lization buffer 

017-000-121, Dianova GmbH, Ger-
many

Primary  
antibodies Clonality Reactivity Host Catalog number

Anti-glial fibrillary acidic 
protein (GFP) monoclonal H, R, M M 173011, Synaptic Systems GmbH, 

Germany

Anti-calcium binding 
adaptor molecule 1 (Iba1) polyclonal H, R, M Rb 019-19741, FUJIFILM Wako Che-

micals, Japan

Anti-glial-specific type-III 
intermediate filament pro-
tein (GFAP)

monoclonal H, R, M M 173 011, Synaptic Systems 
GmbH, Germany

Anti-Homer 1 (VesL, Syn 
47) polyclonal H, R, M Rb 160 003, Synaptic Systems 

GmbH, Germany

Anti-Synaptophisin 1 polyclonal H, R, M Gp 101 004, Synaptic Systems 
GmbH, Germany

Anti-microtubule-associa-
ted protein 2 (MAP2) polyclonal H, R, M Ch NB300-213, Novus Biologicals, 

CO, US

Anti-purified Neurofila-
ment marker (SMI312) monoclonal H, R, M M 837904, BioLegend CNS Inc, CA, 

US
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TABLE 10.11. PRIMARY ANTIBODIES FOR 3D ICC. 
H = human, R = rat, M = mouse, Rb  = rabbit, Ch = chicken, Gp = guinea pig, Dk = donkey. 

TABLE 10.12. SECONDARY ANTIBODIES FOR 3D ICC. 
H = human, R = rat, M = mouse, Rb  = rabbit, Ch = chicken, Gp = guinea pig, Dk = donkey. 

10.8. Microscopy  
Neuronal cell cultures were aseptically analyzed every 2DIV under the EVOS® FL microscope 
(Thermo Fisher Scientific, MA, US). After live labeling or ICC, the 3D neuronal cultures were morp-
hologically assessed using different inverted microscopes according to the resolution required 
and hydrogel thickness (Table 10.13). The high-resolution images were taken with the Zeiss LSM 
780 NLO confocal equipped with Airyscan unit microscope stand. The software for this type of 
microscope was ZEN 2.3 (black edition, ZEISS, Germany). 


For the imaging of large areas of hydrogel, the confocal microscope with point scanning tech-
nique or confocal microscope with spinning disk head were employed. The software in these two 
microscopes was the same, ZEN 3.0 software (blue edition, ZEISS, Germany).


Purified anti-Tubilinβ3 
(TUBB3) monoclonal H, R, M M 801201, BioLegend CNS Inc, CA, 

US

Primary  
antibodies Clonality Reactivity Host Catalog number

Secondary 
antibodies 

Emission 
(nm) Reactivity Host Catalog number

Alexa Fluor 488-conjugated AffiniPure 
Donkey Anti-Mouse IgG 488 M Dk 715-545-150, Dianova 

GmbH, Germany

Alexa Fluor 488-conjugated AffiniPure 
Donkey Anti-Rabbit IgG 488 Rb Dk 711-545-152, Dianova 

GmbH, Germany

Alexa Fluor 488-AffiniPure Donkey 
Anti-Guinea Pig IgG 488 Gp Dk 706-545-148 , Dianova 

GmbH, Germany

Alexa Fluor 568-conjugated AffiniPure 
Donkey Anti-Mouse IgG 568 M Dk 1917938, Thermo Fisher 

Scientific, MA, US

Alexa Fluor 647-conjugated AffiniPure 
Donkey Anti-Chicken IgG 647 Ck Dk 703-605-155, Dianova 

GmbH, Germany

Alexa Fluor 647-conjugated AffiniPure 
Donkey Anti-Rabbit IgG 647 Rb Dk 703-605-152, Dianova 

GmbH, Germany
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TABLE 10.13. MICROSCOPE SYSTEMS FOR 3D CULTURES ASSESSMENT. 

10.9. Electrophysiological experiments 
Electrophysiological data were acquired by MEA using the respective setup according to the type 
of MEA at a sampling frequency of 50 kHz. For the initial experiments with 120MEA, the amplifier 
1060 with the temperature controller (TC01) (Multi Channel Systems MCS GmbH, Germany) was 
employed. For the customized 256MEA, the setup USB-MEA256System was used (Multi Channel 
Systems MCS GmbH, Germany). The electrical activity of 3D neuronal circuits was filtered with 
the Bessel 4th Order IIR Filter Parameter, at High Pass and 100 Hz for its visualization in situ while 
the experiment was running (MC_Rack version 4.6.2., Multi Channel Systems MCS GmbH, Ger-
many).


Microscope facility Objectives
Working  
distance 

(mm)

Numerical 
aperture 

Immersion/ 
RI

Illumina-
tion Lasers 
wavelength 

(nm)

Cell Observer® Sys-
tem with spinning 

disk head, Carl 
Zeiss, Germany 

NMI Institute 

10x EC Plan-Neofluar 5.2 0.3 w/o

405, 488, 
561, 639

20x LD Plan-Neufluar 8.4 0.4 w/o

20x Plan-Apochromat 0.55 0.8 w/o

40x LD Plan-Neufluar 3.3 0.6 w/o

63x Plan-Apochromat 0.18 1.4 oil / 1.518

LSM 780 NLO,  
Confocal System, 
with 32 channel 
GaAsP array + 2 

GaAsP PMTs 
Carl Zeiss, Germany 

Max Plank Institute, 
Light Microscopy 

facility 

10x C-Apochromat 1.8 0.45 water / 
1.333

405, 458, 
488, 514, 
561, 633

25x LD LCI Plan-Apo-
chromat 25x 0.57 0.8 water, oil / 

1.333, 1.518

40x LD C-Apochromat 0.62 1.1 water / 
1.333

40x Plan-Apochromat 0.2 1.3 oil / 1.518

63x C-Apochromat 0.19 1.4 water / 
1.333

LSM 780 NLO, Con-
focal system with 

Airyscan unit on an 
AxioObserver Z.1 

Microscope 

Max Plank Institute, 
Light Microscopy 

facility 

10x C-Apochromat 1.8 0.45 water / 
1.333

25x LD LCI Plan-Apo-
chromat 25x 0.57 0.8 water, oil / 

1.333, 1.518

40x LD C-Apochromat 0.62 1.1 water / 
1.333

40x Plan-Apochromat 0.2 1.3 oil / 1.518

63x C-Apochromat 0.19 1.4 water / 
1.333
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On the multi-layer microfluidic chip, the spontaneous activity of the neuronal network was re-
corded after 5 min of temperature stabilization. The effect of fresh maturation medium (Table 10.4) 
was studied after the change of one-fifth of the total volume per well (6 µL/well, equivalent to 
18 µL/experiment). Likewise, the acute response of 3 µM Picrotoxin (P1675, Sigma-Aldrich, Merck 
KGaA, Germany) and 1µM Tetrodoxin (T-550, Alomone Labs) was analyzed during the recording. 
For this, one-fifth of the medium in the wells was substituted for maturating medium with the 
compound five times more concentrated, the time of the application was noted, and the elec-
trophysiological response recorded for 5 min.


With the implementation of the microphysiological system, the recording approach was impro-
ved. The experiments with the final brain-on-chip device were carried out under continuous  mo-
nitoring of temperature, humidity, and CO2 with a small customized incubation chamber (Oko Srl, 
Italy). The temperature, CO2, and humidity were set on the control panel (Okotouch, Control Unit, 
118-1924, Oko Srl, Italy) to 36 ºC, 5%, and 80%, respectively. This stage-incubator system pro-
moted more stable recordings preserving the sterility of the 3D neuronal cultures. The spontaneo-
us activity of the neuronal circuits was recorded for 10 min after 10 min of stabilization. 


For the establishment of the drug dispensing protocol, one-tenth of the medium was substitu-
ted for fresh maturation medium (6 µL/experiment) with automatic pipettes by different approa-
ches. The physical disturbance method mixed three times one-tenth of fresh volume directly in 
the wells, while the chemical disturbance approach mixed externally (in a 384 multi-well plate), 
14 µL of the device medium with one-tenth of fresh volume (6 µL). Both methods used automatic 
programs of the INTEGRA pipette (VIAFLO 12 12µL, INTEGRA Bioscience AG., Switzerland). 10 
min after the manipulation, the activity was recorded for 10  min.


Once the compound application protocol was established, the PTX response and the variability 
test analysis was performed after dispensing 6 µl of 10 µM PTX diluted in pre-warmed fresh matu-
ration medium. The final concentration of the PTX in the device was 1 µM. In the control wells, an 
equal volume of maturating medium was substituted. 10 min after, the electrical response was 
recorded for 10 minutes.


10.10. Ca2+ imaging of 3D neuronal network 
Calcium imaging was performed on 3D neuronal cultures after the transduction with the adeno-
associated virus pAAV.Syn.GCaMP6f.WPRE.SV40. The expression of the GCaMP was monitored 
aseptically by the microscope EVOS® FL (AMF 4300, Thermo Fisher Scientific, MA, US). 


The fluorescence emitted by the calcium indicator GCamp6 was captured under controlled 
conditions of temperature, CO2, and humidity (incubator, Okolab Srl, Italy) by the inverted micros-
cope system ECLIPSE Ti2 (Nikon GmbH, Germany) with the NIS-Elements software (Nikon  In-
terments Inc., USA) after one week in vitro. The sample was lighted with 470 nm LED light at an 
intensity of 5 % (CoolLED pE-300ultra, CoolLED, UK). The Ca2+ imaging recordings were perfor-
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med at different sections of the 300 µm thickness hydrogel, with the 20x objective for 2-3 min. 
Simultaneously, spontaneous electrical activity was recorded by the MEA with microfabricated 
igloo structures with the MCsetup USB-MEA256System at 50 kHz frequency. 

10.11. Optical stimulation of 3D neuronal network 
For the optogenetic experiments, 3D neuronal cultures were transduced with 
pAAV.CAG.hChR2(H134R)-mCherry.WPRE.SV40. After seven days, the 3D neuronal network was 
locally illuminated with blue light (470 nm) (CoolLED pE-300ultra, CoolLED, UK) to promote the 
opening of the Channelrhodopsin-2 and subsequent electrical stimulation. The lighted areas were 
precisely defined in the XY plane by a digital micro-mirror device system (MM-0436, Mosaic3, 
Andor, Oxford Instruments, UK) adapted to the inverted microscope system ECLIPSE Ti2 (Nikon 
GmbH, Germany). The evoked activity was recorded by the MCsetup USB-MEA256 System, re-
gistering 30 ms before and 100 ms after each light stimulus (MC_Stimulus II, Multi Channel Sys-
tems MCS GmbH, Germany). 


The optical stimulation parameters of the experiment included in this dissertation were 50 ms 
of stimulating light at an intensity of 1 % (CoolLED pE-300ultra, CoolLED, UK), a ROI field of 
1 mm2 , and a frequency of 0.1 Hz. All measurements were performed at controlled temperature, 
humidity, and CO2 (incubator, Okolab Srl, Italy).


10.12. Data analysis 

10.12.1. Electrophysiological recordings


The recording files from MC_Rack (.mcd file format) (MC_Rack version 4.6.2., Multi Channel Sys-
tems MCS GmbH, Germany) were imported to NeuroExplorer software (version 5.1, Plexon Inc, 
USA) for conversion, filtering, spike detection, and burst analysis. Additionally, a customized 
script was written for the study of synchronized activity by Python language.


Electrophysiological data were filtered using a Bandpass filter 4th Order with a minimum fre-
quency of 300 Hz and a maximum of 6000 Hz before the analysis. The spontaneous extracellular 
action potentials were detected using the threshold crossing algorithm of 4*σn , where σn  is an es-
timated standard deviation of the background noise calculated by the following formula [204]:


x indicates the band-pass filter signal. 


Note that this algorithm only considered the negative or positive component of the action poten-
tial. In this dissertation, the threshold was calculated with the negative component, which was 
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present in all extracellular spikes recorded. The minimum time between spikes was settled to 
1 ms. 


For the burst detection, MaxInterval algorithm was employed to define the individual bursts. 
This computational method outperformed compared with other algorithms previously used, as 
Poisson Surprise's, and it was selected for its desirable properties as burst detector [205]. The 
metrics for the definition of a burst are specified in the following figure (Figure 10.8) [206]: 

FIGURE 10.8: PARAMETERS FOR BURST DETECTION BY MAXINTERVAL ALGORITHM. 

The minimum duration of a burst was set to 10 ms, and three was the minimum number of spikes 
that conformed a burst. Also, the minimum time between two signals to be considered from two 
individual bursts was fixed to 200 ms, and the maximum inter-spike-interval (ISI) between spikes 
in a burst set to 170 ms at the beginning of the burst and 300 ms within the burst.


On the other hand, synchronous bursts within a network were detected by the Poisson Surpri-
se’s algorithm. This method was introduced decades ago for the burst detection [207] and modi-
fied for this project for the network burst identification by a customized script for the NeuroExplo-
rer software. The algorithm assumes a Poisson distribution of the bursts in all the electrodes that 
conforms the network, evaluating how probable it is that the overlapping of bursts from different 
electrodes at a given time is a chance occurrence. This method first calculated the medians of 

each burst and projected them as single events in one timeline to apply the Poisson Surprise’s 

statistical distribution. The surprise value was calculated advancing down the burst train until it 
detects several closely events. Subsequently, the algorithm included the next events recalculating 
the surprise value. If the value increased, the following event was considered from the same net-
work burst; if not, the last event was discarded, and the network burst delimited. The minimum 
surprise value to define the network burst was set to three, and the minimum number of electro-
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des that the network must include was fixed to 20%, which corresponded to four electrodes of 
the 21 present per well in the final brain-on-chip device. 


The surprise value was calculated by the following formula, where P is the probability distribu-

tion of a number of median bursts ( i ) at a specific rate ( r ) occurring over the time period (T).


                    

    


    ,    


For network burst analysis in the brain-on-chip and the multi-layer systems, electrodes were pre-
viously arranged in the twelve different groups according to the MEA design to apply the algo-
rithm individually in each well. The electrophysiological parameters selected to describe the spon-
taneous activity of the 3D neuronal cultures and the compound effect are detailed in the Appen-
dix 1.


10.12.2. Ca2+ imaging data 


Real-time Ca2+ imaging activity was exported from the program NIS-Elements software (Nikon  
Interments Inc., USA) at 5  frames/s, and the fluorescence in arbitrary units (u.a.) displayed over 
time in a histogram for correlating with the electrical activity captured by the MEA setup USB-
MEA256System. Spike detection of the spontaneous electrical activity was performed as indica-
ted in section 10.12.1.


10.12.3. Optogenetic data


Electrical activity after the light stimulus was analyzed by Neuroexplorer for spike detection (Sec-
tion 10.12.1). Image of the real-time light stimulus was extracted from the software NIS-Elements 
software (Nikon  Interments Inc., USA). The evoked activity of one single pulse of 50 ms and 
1 mm2 was plotted for four electrodes.


10.12.4. Image processing


2D confocal images were processed with ZEN 3.0 software (blue edition, ZEISS, Germany) or the 
open source ImageJ 2.0 software [208]. 3D images were analyzed and reconstructed by IMARIS 
4.6 (Bitplane AG, Oxford Instruments, UK). 3D morphologies labeled with different fluorophores 
were defined by iso-surfaces for more precise evaluation and possible quantification. Videos were 
exported at 15 to 40 frames/s and resolution a resolution of 1920x1080 pixels. 


S = − log(P)
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10.13. Statistical analysis 
Prism 8 (Version 8.3.0, GraphPad Software, LLC) was used for the statistical analysis. For the 
descriptive statistical analysis, the median, average, quartiles, confidence intervals, standard 
error, and standard deviation were calculated for each group of data. To confirm the normal distri-

bution, D’Agostino test was run before each comparative study. If the data followed a Gaussian 

distribution, One-way ANOVA tested the significant difference between the multiple groups affec-
ted by one factor (neuronal network, compound, or treatment). If the data did not follow a Gaus-
sian distribution, Kruskal-Wallis test was employed to compare the different groups. Additionally, 
the data of four different recordings with four different monolithic devices were plotted in histo-
grams and QQ plots to confirm the normal distribution.


For the analysis of the data affected by two different factors, for example, neuronal network 
well and medium treatment, or MEA and PTX application, Two-way ANOVA test was employed to 
determine if the difference between groups was significant and to define which was the source of 
variation and to which percentage. 


On the other hand, the variability study of the final brain-on-chip recordings was performed at 
electrode (21 per well), well (12 per chip), and MEA level (3 in total). The differences were conside-
red significant for P values < 0.05 (*), very significant for P values < 0.01 (**) and extremely signifi-
cant for P values < 0.001 (***).


For the sample size estimation of the experimental designs in the brain-on-chip, the software 
G*Power (Version 3.1.9.4, Faul, Erdfelder, Lang, and Buchner, 2009) was employed. The statistical 
test selected was a t-test analysis to compare the two independent means of two groups: control 
and 1 µM PTX. The type of power analysis employed was the post-hoc for standard values of 
80% power value and a statistical significance of 0.5%. The parameter chosen for this test was 
the MFR percentage of change in each individual well after the application of medium or PTX.


10.14. Cleaning and reusability 
After conducting the experiments, the different microfluidic chips were cleaned according to their 
reusable capabilities.


10.14.1. PDMS MF chip and MEAs


The PDMS chip was discarded and MEA cleaned with Tergazyme 0.01 %(w/v) dissolved in bi-dis-
tilled water (1304, Alconox, Inc., NY, US). After more than 3 h in tergazyme solution, the MEA was 
rinsed and immersed o/n in bi-distilled water. Then, the MEA was dried at RT under the sterile 
hood. Standard MEAs could be reused more than 15 times.
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10.14.2. Multi-layer microphysiological system


After production, devices were rinsed with isopropanol and dried at RT. Once the recording and 
imaging experiments were performed, 3D cell culture was discarded by rinsing the chip with bi-
distilled water and immersion of the chip in Tergazyme 0.01 %. On average, after 10 to 15 uses, 
these chips were defected and leaky.


10.14.3. Monolithic glass microphysiological system


Devices were cleaned with isopropanol after production. If the recording incubator was employed 
during the electrophysiological experiments, cell culture could be kept in the incubator after the 
recording with minor risk of contamination. To discard the 3D cell cultures, the devices were rin-
sed with water, incubated for more than 3h in Tergazyme 0.01 % at RT and o/n in bi-distilled wa-
ter. If necessary, the monolithic piece of glass could be detached from the MEA substrate by im-
mersion o/n in sulfuric acid and piranha solution. The MF glasses could then be reused and glued 
again to another substrate. Currently, the reusability of these devices glued to MEA overpass the 
10 uses. 
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Appendix

1. Electrophysiological parameters  
The eight metrics selected to describe the spontaneous activity of 3D neuronal cultures and the 
compound response in this dissertation are defined as followed [201]:


APPENDIX TABLE 1. ELECTROPHYSIOLOGICAL PARAMETERS. 

Parameter Unit Description

Active percentage % Percentage of electrodes recording activity at > 0.5 Hz.

Signal-to-noise ratio 
(SNR)

Average of the minimum negative peak of each spike detected divi-
ded the value of the of the average noise calculated per electrode.

Mean firing rate (MFR) Hz Average of the number of spikes detected divided the duration of the 
recording.

Spikes in bursts % Percentage of detected spikes which are part of bursts in one elec-
trode.

Burst frequency Hz Total number of burst detected by one electrode divided the duration 
of the analysis.

Bursts duration s Average time from the first to the last spike that conform the burst in 
each single electrode.

Interspike interval coef-
ficient of variation (ISI-
CoV)

Average of the coefficient of variation (standard deviation/mean) of 
the interspike interval, the time between spikes, for every single elec-
trode. This parameter measures the regularity of spike firing. Values 
close to 0 indicate a regular firing, and values > 1 indicate bursting 
activity (spikes clustered in bursts).

Network burst fre-
quency

Hz Average of the network bursts detected in one well divided the dura-
tion of the recording.

Network burst duration s Time from the first spike of the first burst that conforms the network 
to the last spike of the last burst. Metrics calculates the average bet-
ween all the network bursts detected in one well.

Network % channels % Average of the percentage of electrodes contributing to the network 
bursts per well. This parameter measures the synchronicity of the 
neuronal network.

Network burst inter-
burst interval coeffi-
cient of variation (IBI-
CoV)

Average of the coefficient of variation (standard deviation/mean) of 
inter-network burst interval, the time between network bursts, for 
each well. This parameter measures the regularity of synchronous 
bursts. Values close to 0 indicate a rhythmic bursting activity, and 
larger values indicate irregular network burst distribution.
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2. Descriptive analysis and inter-well variability test of brain-
on-chip devices 2 and 3 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APPENDIX TABLE 2. DESCRIPTIVE ANALYSIS AND INTER-WELL VARIABILITY TEST DEVICE 2. 
Descriptive analysis and normality tests performed for each parameter that includes more than one value per well. P-
value indicates if the values follow a Gaussian distribution with a 5% significance level. One-way ANOVA and Kruskal-
Wallis tests study the significant variability between wells. Subsequent multiple-comparison test compares each well 
mean with every other mean with a significance level to 5%. Asterisks report the level of significance difference for each 
well.
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APPENDIX TABLE 3. DESCRIPTIVE ANALYSIS AND INTER-WELL VARIABILITY TEST DEVICE  3. 
Descriptive analysis and normality tests performed for each parameter that includes more than one value per well. P-
value indicates if the values follow a Gaussian distribution with a 5% significance level. One-way ANOVA and Kruskal-
Wallis tests study the significant variability between wells. Subsequent multiple-comparison test compares each well 
mean with every other mean with a significance level to 5%. Asterisks report the level of significance difference for each 
well. 
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3. Supplemental material 
The following supplemental material is uploaded together with this dissertation. 


APPENDIX TABLE 4. SUPPLEMENTARY MATERIAL OF 3D RECONSTRUCTIONS AND TIME-LAPSE VIDEOS OF 
CALCIUM IMAGING.  

Number Name of the file Description File 
format

1 Video 1. Neuron GFP 
labeled growing in 
three-dimensions

Sensory neuron transduced with AAV for GFP expression 
growing embedded in Matrigel matrix. Image acquired by a 
confocal microscope with Airyscan unit after fixation of the 
hydrogel.

avi file

2 Video 2. High resolu-
tion dendrite GFP 
labeled growing in 
three-dimensions

High-resolution image of one single dendrite labeled with 
GFP. Image acquired by a confocal microscope with Airys-
can unit after fixation of the hydrogel. In the 3D reconstruc-
tion, it is possible to visualize dendritic spines sprouting 
from the neurite.

avi file

3 Video 3. 3D hippo-
campal culture in the 
multi-layer device 
after 8DIV

Primary hippocampal neurons growing in three-dimensions 
in the multi-layer device developed throughout this thesis. 
Live imaging acquired with the Cell Observer confocal mi-
croscope after 8DIV. Objective 20x. Approximate thickness 
150µm.

avi file

4 Video 4. High resolu-
tion hippocampal 
neuron growing in 3D

Single hippocampal neuron growing in three-dimensions 
and expressing GFP. Live imaging acquired with the Cell 
Observer confocal microscope after 10DIV. Objective 63x. 
Hydrogel thickness visualized, 30µm.

avi file

5 Video 5. Immunolabe-
led 3D neuronal net-
work with anti-MAP2 
and anti-SMI312

3D neuronal network is immunostained for the visualization 
of dendrites (MAP2, red) and axons (SMI312, green). Image 
acquired by LSM 780 confocal with Airyscan unit on Axio-
Observer Z.1 microscope. Hydrogel thickness 70µm. Ob-
jective 63x. 

avi file

6 Video 6. 3D hippo-
campal culture em-
bedded in enzymatic 
hydrogel after 15DIV

Primary hippocampal neurons are growing in three-dimen-
sions in the multi-layer device and embedded in the enzy-
matic synthetic hydrogel. Live imaging acquired with the 
Cell Observer confocal microscope after 8DIV. Objective 
20x. Approximate thickness 150µm.

avi file

7 Video 7. Recording 
structure with en-
trapped neurites in 
the brain-on-chip

Live-imaging of 3D neurons GFP labeled growing in the 
final brain-on-chip device developed throughout this pro-
ject. The recording structure (igloo) trapped multiple neuri-
tes from neurons growing in Matrigel matrix. Image acqui-
red with the Cell Observer confocal microscope after 10-
DIV. Objective 40x. Image section, 30µm.

avi file

8 Video 8. Calcium 
imaging of 3D neuro-
nal network in im-
plemented MEA

Calcium imaging of 3D neuronal networks expressing 
GCamp6. Images acquired by the Optical microscope 
Eclipse E200 at 80µm from the substrate, a 256MEA with 
recording structures (igloos). Objective employed 10x. FPS 
= 5. 

avi file

9 Video 9. Calcium 
imaging of 3D neuro-
nal network in im-
plemented MEA after 
1µM PTX

Calcium imaging of the same area as video 8 after the ap-
plication of 1µM PTX. Images acquired by the Optical mi-
croscope Eclipse E200 at 80µm from the substrate, a 256-
MEA with recording structures (igloos). Objective employed 
10x. FPS = 5. 

avi file
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