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Summary

Nano- and Microengineered Neuronal Cell Networks for
Brain-on-Chip Technology
Current in vitro neuronalmodels are not capable of adequately representing human brain

physiology and pathology. This is primarily due to the physical and chemical cues from

two-dimensional (2D) cell culture environments leading to unrealistic cellular behavior

of brain cells or cells being derived from animal sources instead of humans. In both cases,

cells are limited in their representation of the human brain phenotype. This is relevant in

particular for research on functional groups of brain cells, where the cellular organization

and the electrophysiological readout of neuronal cells are important to give results with

clinical relevance. This allows for better insight on the relation between neuronal network

connectivity and electrophysiology at a length scale of millimeters and smaller, as well as

the ability to perform more predictive drug screening experiments. This work primarily

focuses on the organization of neuronal cells and how the structural organization as seen

in the brain can be recapitulated in in vitro models. To address these issues, advanced

in vitromodels, so called “organ-on-chip” models are being developed. These organ-on-

chips provide a well-defined and physiologically relevant three-dimensional (3D) micro-

and nano-engineered environment for cells to be cultured, controlled and monitored.

Specifically brain-on-chip technology is developed to advance in vitro modelling of the

brain, with special consideration for integration of a microelectrode array (MEA) with

3D neuronal cell culture.

Within this PhD project, the aim was to develop novel approaches to the study

of neurophysiological response of 3D neuronal cell cultures in vitro, combining

microfluidics, micro- and nanotechnology and tissue engineering and thereby advance

the brain-on-chip toolbox for bottom-up engineering of neuronal cell networks. In

particular, it was investigated how micro- and nanotechnologies influence neuronal

network organization to create controllable, reproducible neuronal cell culture models.

In brief, the project showed: advances in different components of the brain-on-chip;

microbioreactor platformdesign anddevelopment for 3Dneuronal cell cultures onplanar

substrates; an image-based screening method to quantify the effects of nanogrooved

patterns on 2D neuronal cell cultures; a study into the interplay of lateral and height

dimensions of nanogrooves on neuronal cell culture; and 3D spatially organized neuronal

cell culture by means of self-assembled stacking of cell-encapsulating hydrogel beads.

The use of scaffolds including several types of biocompatible hydrogels for 3D neuronal

cell culture was investigated using a human neuroblastoma cell line for integration into

previously developed strategies for 3D culture and neurite/network guiding patterns.

The 3D cell culture showed changes in morphology for the neuronal cells, in particular

cell bodies were smaller and spherical when compared to 2D cell cultures, but cellular

outgrowthswere less influenced. Although3Dcell culturemay lead to improved function

of the neuronal cells, cultures were highly disorganized as is often the case for 3D cell

cultures, which impacts both the formation of neuronal networks as well as the capacity
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for reproducible and morphologically quantifiable neuronal cell networks.

To establish 3D neuronal cell cultures in currently commercially available state-of-the-art

MEAs, a previously developed microbioreactor was redesigned for improved long-term

cell culture onMEAs. Anewmicrobioreactormoldwas created bymicromilling and laser

cutting of PMMAslabs, afterwhich soft lithographyof PDMSwasperformed to create the

microbioreactor. A porous polyethersulfone membrane was used to separate the culture

chamber from themicrofluidic channel that provided cell culture fluidwith nutrients and

biochemical factors. The microbioreactor was used successfully to sustain neuronal cell

culture of both a differentiated neuroblastoma cell line and human induced pluripotent

stem cell-derived (hiPSC) cortical neurons up to three weeks both on MEAs and glass

slides. The hiPSC cortical neurons showed increased electrophysiological activity over

time within the system. Also, removal of the cell culture and microbioreactor from

MEAs and cleaning the MEA showed that the MEA can be reused afterwards. The

microbioreactor allows for a better understanding of in vitro electrophysiological activity
of neuronal cells in 3D instead of the conventional 2D cell culture.

As the 3D neuronal cell cultures from the mentioned studies were disorganized, it

was investigated how to incorporate controllable organization of neuronal networks

in neuronal cell culture, here specifically by means of nanogrooves fabricated using

PDMS soft lithography. To better understand the influence of nanogrooved patterns

on neuronal cells and neuronal outgrowths, an image-based screening method to

quantify the differentiation and neuronal outgrowth directionality of neuronal cells was

developed. This provided a tool to screen for the most effective patterns in large datasets

in an automated and sensitive fashion.

Nanogroove dimensions were further investigated as a design input parameter for

neuronal differentiation and neurite outgrowth. Previously developed nanogrooved

patterns were fabricated by two different nanoimprint lithography techniques. Atomic

force microscopy was performed on the nanogrooved patterns and the newly developed

image-based screeningmethodwas used to quantify the effects of the geometrical pattern

dimensions on neuronal cell culture. This revealed that certain lateral pattern dimensions

are particularly effective in guiding neuronal outgrowths and that pattern heights within

the 90 – 120 nm range have no impact. However, increased pattern height enhances

neuronal differentiation of cells within the cell population. These findings can be

used as basic design input parameters for bottom-up engineering of neuronal network

architectures.

Last, creating 3D, spatially organized, neuronal cell cultures by means of self-assembled

stacking of cell-encapsulating hydrogel beads was investigated. A microfluidic flow-

focusing chip with integrated heat control was designed to create cell-laden hydrogel

beads. Neuronal cells were embeddedwithin these beads and beads were retrieved from

an oil mixture to be transferred to cell culture medium. An initial proof-of-principle of

this process was delivered, but the validation of this novel spatial organization method

requires further research.

In summary, several tools to study and create organized neuronal cell cultures were

developed. These tools aid in the ongoing advances in brain-on-chip technology, allowing

for: long-term 3D neuronal cell culture in relevant hydrogel microenvironments within
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a microbioreactor platform with electrophysiological readout capability; the screening

for optimal nanogrooved patterns to influence guidance effect on and differentiation

of neuronal cells; a better understanding of the effect of nanogroove dimensions on

neuronal cell culture and how these can be implemented as a design parameter for

organized neuronal cell cultures; and 3D spatial organization of neuronal cells by means

of self-assembly of cell-laden gel beads. Future implementation and optimization of

these components in addition to validation of the electrophysiological function of the

organized neuronal cell networks within the brain-on-chip systems, can serve towards a

better understanding of brain physiology and pathology.
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Publiekssamenvatting

Nano- en microtechnologie voor het maken van neuronale
celnetwerken
Om beter te begrĳpen hoe de menselĳke hersenen werken en hoe medische

behandelingen de hersenen beïnvloeden is een nieuwe generatie hersenmodellen nodig.

Deze hersenmodellen zĳn nodig om de onderlinge interactie van cellen in het neuronale

netwerk beter te bestuderen. Huidige modellen van zenuwcellen zĳn vaak beperkt door

meerdere factoren: ze werken niet met menselĳke cellen maar dierlĳke, cellen worden

gekweekt in een omgeving die niet lĳkt op de hersenen, en de neuronale celnetwerken

lĳken niet op de netwerken in de hersenen. Onze nieuwe hersenmodellenmaken gebruik

van een geavanceerd platformom cellen te kweken en te analyseren in een gecontroleerde

omgeving. Hiervoor wordt nano- en microtechnologie geïntegreerd in een systeem

waarin de celkweek plaatsvind, voor hersenmodellen is dit de zogenaamde ‘brain-on-

chip’ technologie. De nano- en microtechnologie bevat componenten op een schaal van

een miljoenste tot een duizendste van een millimeter.

Een belangrĳk onderdeel dat hersenmodellen moeten nabootsen, is de organisatie

van cellen en het gevormde neuronale netwerk van cellen. Deze organisatie is niet

vanzelfsprekend als cellen in een petrischaal groeien, en kanworden geïntroduceerdmet

het aanbieden van nano- en microschaal structuren. Mĳn werk heeft het doel om beter

inzicht te krĳgen in het effect van bepaalde nano- en microstructuren op de organisatie

van neuronale cellen en het neuronale netwerk. Specifiek heb ik een microsysteem

ontwikkeld om driedimensionale celkweek te koppelen aan een tweedimensionaal

multi-electrode platform, de invloed van nanogroeven op tweedimensionale celkweek

geanalyseerd, en cellen gevangen in hydrogel bouwblokken om driedimensionale,

georganiseerde celkweek te bouwen.

Het meten van de elektrische ‘handtekening’ van een driedimensionale celstructuur met

behulp van een electrodeplatform is belangrĳk om een neuronaal netwerk te kunnen

bestuderen. Het model laat zien dat voor tenminste 21 dagen succesvol gekweekt kan

worden in het ontwikkelde systeem. Ook blĳkt dat de elektrische activiteit van neuronale

cellen in het netwerk meetbaar is.

Uit onderzoek met nanogroeven is gebleken dat er grote verschillen kunnen optreden

tussen patronen van groeven van verschillende afmetingen en verhoudingen. Voor een

consistente, hoge mate van organisatie van neuronale celkweek is het belangrĳk om

patronen te kiezen die een relatief smalle richel hebben, ten opzichte van de breedte van

het patroon. De hoogte van een patroon maakt op de nanoschaal minder verschil op de

organisatie, maar kan wel invloed hebben op de specialisatie van cellen in de celkweek.

Cellen kunnen in driedimensionale matrices worden gekweekt, zoals biocompatibele

hydrogels. Een microfluidisch systeem, een systeem dat buizen bevat op de micrometer

schaal, is opgezet omneuronale cellen te vangen in hydrogel-bolletjes. Vervolgens zorgen
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die bolletjes door stapeling ervoor dat een gestructureerde verdeling van cellen in de

driedimensionale omgeving ontstaat. Het principe ten grondslag van de georganiseerde,

driedimensionale celkweek is aangetoond, maar dematewaarin cellen gevangenworden

in bolletjes en hoe deze bolletjes daadwerkelĳk stapelen, moet verder geoptimaliseerd

worden.

Deze resultaten laten zien dat verschillende nano- en microtechnologie-methodes

geschikt zĳn om organisatie te laten ontstaan in neuronale netwerken. Dat kan op

zĳn beurt weer bĳdragen aan het verbeteren van de ‘brain-on-chip’ hersenmodellen.
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1 | Introduction

Current in vitro neuronal cell models lack in their representation of human brain physiology and network
functionality. It is therefore that new models based on nano- and microengineered neuronal cell networks are
sought to better represent the 3Dmicroenvironment and organization of brain cells, in particular neurons, as
well as to provide means to create robust, reproducible experiments of biological relevance. The development
and implementation of these new models, so-called brain-on-chips, require a multidisciplinary approach.
Several nano- and microfabrication methods are known for being used in this field of research. In this thesis,
the aim is to apply nanoimprint lithography and soft lithography in combination with micromilling and
hybrid assembly techniques to generate microfluidic devices that can be exploited for the construction of
brain-on-chips with organized neuronal cell network architectures that mimic the organization of neuronal
cells in the brain. The extent of organization added through these means is quantified and the potential benefit
of the different technological solutions are evaluated using image-based screening. This chapter provides a
general overview of organ-on-chip technology, the basics of neuronal network organization, current in vitro
neuronal models and brain-on-chip models, and nano- and microfabrication technology. The relevance of
this research and an outline of this thesis are also given.
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1.1 Advancing the investigation of brain function and
pathology

Disturbance of the brain’s cellular network, through either structural, chemical, or

electrical causes, can give rise to neurological disorders and diseases such asAlzheimer’s,

Parkinson’s, and epilepsy, to name a few. To better understand brain physiology and

pathology and thereby address these diseases, it is important to advance brain models.

The use of in vivo studies has been essential in advancing our knowledge about the brain,

however these pose limitations due to being complex, low throughput and ethically

sensitive. Animal models additionally show limited translational power, in particular

when it comes to drug screening studies [1–3]. Current in vitro models are limited

in their representation of brain physiology and pathology. Cells responds to physical

and chemical cues at different length scales emanating from their environment, which

determine cellular fate processes, being either proliferation, differentiation, migration or

apoptosis. Conventional cell culture environments consist of rigid planar surfaces, such

as Petri dishes, wells plates and culture flasks. Whilst our knowledge on cellular behavior

has significantly improved by these means, and experiments can typically be done at

relatively high throughput and ease-of-use, these conventional approaches mostly result

in unrealistic cellular behavior. [4] Brain cells in these models are often kept in two-

dimensional (2D) culture environments, or cells are derived from animal sources instead

of humans. In both cases, cells are limited in their representation of the human brain

phenotype as opposed to three-dimensional (3D) approaches using human cell sources,

which present a more realistic microenvironment for cells [5, 6].

It is therefore that many researchers today consider the engineering of in vitro models

that typically employ small volumes of physiologically relevant microenvironments,

microfluidic components and on-chip, 3D, artificial micro-organs that are high-

throughput, reproducible, robust, and cost-effective [7, 8]. These in vitro models are

generally referred to as organ-on-a-chip (OOC). First, an overview of OOC work is

presented in the following sub-section.

1.2 Organ-on-a-Chip technology
To simulate relevant physiology of tissues and organs, micro- and nanofabrication

methods are employed to create OOCs that contain microfluidically perfused chambers

containing cell cultures. OOCs make effective use of materials, geometry, actuation

and microfluidics to create and analyze cell cultures that typically have a multicellular

architecture, relevant tissue-tissue interfaces andmicroenvironments. This allows for the

production of a functional tissue or organ unit that cannot be achieved from conventional

culture systems. [9, 10] Hence, OOC systems provide an essential step forward to realize

controlled interaction between cells and cues, cues being either physical or chemical, that

allows for superior insights into cellular behavior as compared to conventional culture

systems.

There is a body of evidence that OOC technology contributes to current state-of-the-art

models. OOC are employed to create organotypic models of the liver [11–13], lung [14,

15], kidney [16, 17], intestine [18, 19], and heart [20]. Even multi-organ approaches,
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with compartments for cardiac, liver, skeletal muscle, and neuronal cells, have been

studied [21]. The use of in vitro models and OOC towards brain tissues is discussed in

more detail in Section 1.3.

The OOC models currently do not offer a cheaper or more robust alternative to animal

experiments yet, however there are several advantages. The use of human-derived cells

and recently also human stem cells and human induced pluripotent stem cells is feasible

within these models. This approach reduces translation issues compared to animal cell

sources. Integration of an analytical systemand enhancedbioinformatics capacity can aid

in reducing time to market and drug development cost in drug development and clinical

application, which will deliver new insights. It is therefore expected that these models

will reduce errors in measuring the mechanisms behind organ physiology and drug

discovery. [10, 22] Also, with advances in genetic mutations in animals and improving

animal model translation [1], it can be relevant to perform systematic analysis with

animal OOC to assess interspecies differences under identical experimental conditions

and provide clarity on the advantages and disadvantages of animal experimentation [23].

1.3 Current in vitro neuronal tissue models

1.3.1 Neuronal network organization

The brain is composed of a cellular network that is complex yet highly organized, where

cells communicate through both biochemical and electrical means [24]. From its earliest

stages of development in the embryo, the brain grows into an organ with billions of cells

and trillions of connections. The cells primarily responsible for these connections and

the execution of the brain’s function are neurons. Many different types of neurons have

been identified already [25]. Generally, neurons are cells composed of a cell body, axons

and dendrites, that are electrically excitable and capable of transmitting electrical signals

through synapses [26]. The axonal and dendritic outgrowths are essential for neuronal

connectivity and network function and characterize the morphological characteristics

of the differentiated neuronal phenotype. These outgrowths, collectively known as

neurites, are dependent on many factors to properly function, such as extracellular

matrix stiffness, cell composition, and biochemical and physical cues [27]. Stiffness

and topography are examples of cues that can affect cell attachment and outgrowth

direction [28–30], which in turn affect the formation and maintenance of the network of

connected neurons. These cues depend largely on the crosstalk between neurons, glial

cells and the extracellular matrix (ECM) as well as the architecture of the ECM. Glial cells

consist of either microglia, astrocytes or oligodendrocyte lineage cells and are essential

supportive cells in the mammalian brain [31]. Together with the neurons, glial cells

are responsible for producing the ECM proteins in the brain, notably hyaluronan and

proteoglycans such as neurocan and aggrecan [32]. Other fibrous proteins found in the

brain are laminin, fibronectin and low levels of various collagen types, such as type I,

II and IV [33]. These proteins together form the three major components of the brain

ECM: the basement membrane around the cerebral vasculature, the perineuronal nets

surrounding neuronal cell bodies and dendrites, and the neural interstitial matrix that

is diffusely distributed between the cells [34] (Fig. 1.1A). Cell-ECM interaction occurs

mainly via the receptors in the cellularmembrane, notably integrin; hyaluronan receptors
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CD44 and brevican; and neural cell adhesionmoleculesN-CAM-1, N-CAM-2 and L1 [35].

Figure 1.1: Schematic overview of the extracellular matrix (ECM) in the brain. (A) Three components of

brain ECM are shown: surrounding the cerebral vasculature the basement membrane is found, neuronal cell

bodies and their dendrites are surrounded by the perineuronal net, and distributed between all cells are the

proteins of the neural interstitial matrix. Neurons are depicted in yellow, astrocytes in blue and microglia in

purple. (B) A description of proteins found in the three brain ECM components as described in (A) with their

respectivemolecularweight in kDaandminimumradius innm, showing the relevance of nanoscale architecture

that mimick the ECM. Adapted from Kim et al., Nano-Architectural Approaches for Improved Intracortical Interface
Technologies © 2018. Open Access publication by Frontiers Neuroscience under the Creative Commons Attribution
License (CC BY).

Growing neurons in 3D in vitro and in a spatially standardized fashion could enable

the analysis of 3D neurite connectivity (as a hallmark neurodevelopmental end point

indicator) and will lead to an easier method for relating changes in connectivity to

electrophysiology. Also, the brain has a noticeable organization such as the cortex’ six

layers. At smaller levels across these layers, groups of cells linked through synaptic

connections, called cortical columns, can be found [36]. Capturing these features in
vitro may help us understand the function, if any, of cortical columns or more general

the relationship between neuronal network architecture and function [37, 38] (Fig. 1.2).
In particular the proteins of the ECM provide a scaffold for cells with an architecture

at the nanoscale [34], which makes mimicking the ECM interesting not only from a

biochemical perspective, but also from a physical one (Fig. 1.1B). It is therefore that the
effect of nanotopographical features should be studied to better understand the guidance

cues and mechanotransduction work in the brain [27, 39]. This can be represented

through engineered topographies such as nanogrooves, which could be used to bottom-

up engineer neuronal cell cultures with an organization mimicking for instance that of

the cortical column.
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Figure 1.2: Reconstruction of a 3D neuronal circuit for a cortical column in a rat vibrissal cortex. (A) Locations

of cell bodies for excitatory neurons, colorized to show the various cell types that intermingle within the

cytoarchitectonic layers of the column. Neurons in the L1 layer are not shown. The legend to the right of

(C) depicts the colors used for each cell type. (B) Network of excitatory neurons and their dendrites. (C)
Ventral posterial medial (VPM) axon network extrapolated from data and displayed as a 3D distribution of

boutons, swellings on the axons, which contain the cellular machinery for neurotransmitter release. Adapted
from Oberlaender et al., Cell type-specific three-dimensional structure of thalamocortical circuits in a column of rat
vibrissal cortex © 2012. Open Access publication by Cerebral Cortex under the Creative Commons Attribution License
(CC BY).

1.3.2 In vitro neuronal microphysiological models

Aswith other organs, the understanding of the brain can benefit from anOOC approach.

Such a brain model is denoted a brain-on-chip (BOC) and aims to implement a 3D

neuronal cell culture to study both brain development and neurological disorders.

Towards this end, many aspects of what makes a robust system design are investigated.

Here, an overview is given of studies into neurological disorders and the use of several

aspects that are important to advance BOC technology, with examples shown in Figure

1.3.

Neurological disorders and diseases stem from complex and often unclear origins. This

is due to the complexity of the nervous systems of which the brain is a part, but also the

complex mechanisms that result in neurological disorders from either genetic defects,

injuries, or other diseases. To better understand and deal with these disorders, in vitro
neuronal models have revealed basic mechanisms behind neuronal development [40–42]

(Fig. 1.3A), neuronal degeneration [43, 44] and neuronal regeneration [45–48]. Other

models have given insights into disorders such as Parkinson’s [49], Alzheimer’s [50],
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autism [51], traumatic brain and nerve injury [52], neuronal tumors [53], stroke [54, 55]

and epilepsy [56–58].

The last two decades the advances in (bio)microelectromechanical systems (BioMEMS)

fabrication technology have benefited also the neuroscience field. Based on this

technological push, studies have been performed on neuronal cell cultures. Microfluidic

channels and interconnected compartments have been used to study neuronal cell

cultures [59], neuronal network activity [60–62], axon guidance [63] (Fig. 1.3B)
and functional connectivity [64, 65]. Measuring the electrophysiological function of

a neuronal network is a neurodevelopmental end point assessment, specifically the

assessment of electrical activity of neurons across multiple sites within a cell culture

simultaneously and cross-talk between the neurons. Towards this end, microelectrode

arrays (MEAs) are used [66–70]. A removable device was developed that allows for

regional seeding of different neuronal cell typeswithout permanent barriers on theMEA,

where different 2D brain regions can interact on one chip [71]. To extend the application

ofMEAs into 3D,methods have been investigated to either layermultiple planar electrode

arrays [72] or create electrodes that extend as pillars into 3D cell culture [73].

Other approaches revolve around the bottom-up engineering of neuronal networks by

guiding neuronal network direction or neuronal differentiation and phenotype. A range

of different micro- and nanoscale topographies can be used as a design feature in BOC

applications [74–76]. Nanotopographies have shown to direct nerve regeneration [77],

neurite length and direction in 2D [78–80], neuronal polarity [48, 81] and stem cell

differentiation towards the neuronal lineage [82–84]. Microtopographies make neurite

guidance possible at the microscale [85, 86] (Fig. 1.3C), but neuronal differentiation is

not significantly enhanced [87–90]. The stiffness of substrates can impact the phenotype

and genotype of neuronal cells [91, 92]. Not only physical and mechanical cues given

by either shape or mechanical properties of substrates can influence the neuronal cell

culture, but also the interaction of these properties with each other and with biochemical

cues [93–95]. Biochemical cues from proteins can be utilized through the use of protein

patterning. This leads to cell patterning [96–100] that can be used to define engineered

neuronal architectures [101, 102] (Fig. 1.3D) and single axon progression [103].

Scaffolds that facilitate 3D neuronal cell culture are investigated, too [104, 105] (Fig.
1.3E). In particular hydrogels are often used to mimic the extracellular matrix of the

brain [106–111]. 3D neuronal cell culture was also achieved with neurospheroids [112],

cerebral organoids [42] and functional cortex [113]. BOC technology has also been

employed to study the interaction of the nervous system with other tissues and

organs. BOC studies have been performed on the blood-brain-barrier [114, 115] and

a neurovascular unit [116] (Fig. 1.3F).

1.4 Nano- and microfabrication for
brain-on-chip technology

In general, the integration of microsystems technology provides 3D microenvironments

and topographical nano- and microscale components in BOC technology that aid in

input and read-out of multimodal cell culture parameters by advanced chip-based nano-
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Figure 1.3: Examples of in vitro neuronal cell models. (A) A cerebral organoid sectioned and stained by

immunohistochemistry, revealing heterogeneous regions in the organoid. Neural progenitors are visualized

using SOX2 (red), neurons using TUJ1 (green) and cell nuclei using Hoechst (blue). Scale bar depicts 200 µm.

Lancaster et al., Cerebral organoids model human brain development and microcephaly © 2013. Springer Nature, all
rights reserved, used with permission. (B) Compartmentalized neuron arrays with two (left) and three (right)

compartments. A high number of connections between SH-SY5Y cell cultures in the compartment can be seen.

Cells were stained for β-Tubulin III (green) after five days of culture. Dinh et al., Microfluidic construction of
minimalistic neuronal co-cultures, Lab Chip, 2013 (13) – Adapted with permission of The Royal Society of Chemistry.
(C) Scanning electron microscopy image of hippocampal murine neural progenitor cells after 14 days. The

substrate consists of PDMS microgrooves of 2 x 2 x 0.35 µm (ridge x groove x height) in size. Chua et al.,
Extending neurites sense the depth of the underlying topography during neuronal differentiation and contact guidance
© 2014. Elsevier Ltd. All rights reserved, used with permission. (D) Microscopy image of differentiated SH-SY5Y

cells after 72 hours, placed onto a substrate by means of cell patterning using microcontact printing. Neurite

connections are formed between the hexagonally organized groups of neurons, indicated with black arrows.

Scale bar depicts 100 µm. Frimat et al., The network formation assay: a spatially standardized neurite outgrowth
analytical display for neurotoxicity screening, Lab Chip, 2010 (10) – Adapted with permission of The Royal Society of
Chemistry. (E) Confocal reconstruction of a 3D scaffold containing multi-walled carbon nanotubes to provide

nano-architecture to hippocampal cell cultures. The scaffold structure is visualized in grey, the neurons in red

and glial cells in green. Scale bar depicts 50 µm. Adapted from Bosi et al., From 2D to 3D: novel nanostructured
scaffolds to investigate signalling in reconstructed neuronal networks © 2015. Open Access publication by Scientific
Reports under the Creative Commons Attribution License (CC BY). (F) Schematic of a neurovascular unit-on-a-

chip. A layer of endothelial cells from the RBE4 cell line are cultured in the vascular chamber on top under

microfluidic flow conditions, and separated by a membrane from the neural chamber containing a neuroglial

co-culture. Achyuta et al., A modular approach to create a neurovascular unit-on-a-chip, Lab Chip, 2013 (4) – Adapted
with permission of The Royal Society of Chemistry.
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and microbioanalysis methods. The following subsections focus on presenting several

fabrication methods towards these systems as used in the work presented in this thesis.

1.4.1 Lithography

Photolithography, also referred to by optical lithography or ultraviolet (UV) lithography,

is a well-established fabrication method utilizing light exposure to transfer geometric

patterns from a mask into photoresist, a light-sensitive chemical [117]. It is used

extensively to create microfluidic systems and in creating topographies for in vitro cell

substrates. Photoresist is a UV-sensitive material that when exposed to light undergoes

a chemical change. By employing a mask to cover parts of a well-defined layer of

photoresist, typically on a silicon wafer, and subsequent UV exposure, the geometric

mask pattern is transferred into the photoresist. Photoresist is either positive or negative,

in that exposure with light will either weaken or strengthen the chemical bonds in the

exposed photoresist respectively and hence results in either a positive or negative copy of

the mask. Then, a solution called a “developer” is used to solubilize the the photoresist

to reveal the geometric pattern. [118]

Conventional photolithography is performed to create features at the micrometer scale.

However, to create features at the nanoscale, such as those necessary to imitate the ECM

topography for in vitro neuronal models, other types of lithography are required. Two

examples of lithography techniques capable of creating nanoscale features also using

UV light are Jet and Flash (J-FIL) nanoimprint lithography and displacement Talbot

lithography (DTL). J-FIL revolves around the use of a hard, UV-transparent stamp that

transfers the pattern into a low viscosity photoresist when the two are in contact [119].

Then the nanoimprint resist is hardened using UV exposure. The result is a negative

copy of the geometric patterns of the stamp into the resist. Though the process is

relatively fast and easy, the stamp is expensive to fabricate. DTL makes use of the Talbot

effect, where monochromatic, collimated light is directed at a periodic structure and in

turn causes an interference pattern that effectively creates self-images of the periodic

structure at a periodic interval on a substrate in the space below this structure [120, 121].

It is a technique that offers non-contact pattern transfer of linear grating with submicron

features.

Alternatively to J-FIL also thermal nanoimprint lithography can be used in the pattern

transfer of nanoscale features. Similar to J-FIL it requires a stamp. Subsequently by

replication the pattern can be transferred from the stamp into a thermoplastic material

for multiple times. The thermally sensitive material is heated just beyond its glass

transition temperature, which makes it deformable and allows it to fill the stamp. This

does require a stamp that is thermally stable at temperatures within range of the glass

transition temperature of the chosen material. After the nanoimprinting step has been

performed, the temperature is lowered and the mechanical properties of the material are

recovered. [122, 123]

1.4.2 Etching

Etching is a technique used in MEMS fabrication to transfer structures into thin films or

bulk materials such as silicon and glass. The process requires an etchant that removes
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materials with high selectivity against the masking material, meaning the etching rates

are highly different between exposedmaterials versus the masking material. Afterwards

the etchant and mask material can be removed with chemicals to reveal a patterned film

or substrate.

Etching can be done in a variety of ways, but there are two basic types: dry etching and

wet etching. Dry etching is based on the use of gaseous phase of one ormore components

to generate plasma exhibited at sufficient pressure and plasma power [124]. Wet etching

relies on the use of a liquid-phase etchant to chemically react with the material to create

features [125]. Whilst wet etching has higher selectivity than dry etching, dry etching can

be done more easily in an anisotropic fashion and results in more straight sidewalls for

the etched features. The anisotropic etching is particularly useful in MEMS fabrication,

often performed by means of reactive ion etching (RIE). RIE employs chemically reactive

and ionic species that are generated under low pressure by using a gas glow discharge

to react with a solid that is to be etched to form volatile products [126].

1.4.3 Soft lithography

Soft lithography is the process whereby features from a template are transferred to

an elastomeric material. It is a relatively inexpensive, fast and accessible technique to

fabricate small structures. It offers control over surface biochemistry, is not limited to 2D

extruded features and is in general compatible with biological applications. [127, 128]

A well-established method of soft lithography is the replica molding of micro- and

nanostructures in polydimethylsiloxane (PDMS) for microfluidic systems. Typically,

liquid PDMS elastomer and curing agent are mixed and poured over features such as can

be obtained from other lithographical processes. PDMS polymerizes over time, faster

when heated compared to room temperature. When the PDMS is cured it can be removed

from the original features to reveal a negative replicawith highpattern fidelity. Bymixing

the elastomer and curing agent at different ratios, the Young’s modulus of the material

can be tuned in the kPa to MPa range [129]. Together with the biocompatibility and gas

permeability of PDMS, the material shows very interesting and versatile applications in

in vitromodels.

1.5 Thesis aim and outline
From the literature shown in the previous sections in this chapter, it is clear that

neuroscience can benefit from BOC technology. However, investigation into replicating

functional brain units in vitro, in particular with designed neuronal cell networks, is

limited. Often studies employ disorganized neuronal cell cultures or self-assembled

brain organoids. Studies into neuronal network organization are also limited due

to different responses for cells from different origins to the scaffolds presented.

Within this thesis, it was therefore the aim to develop novel approaches to study the

neurophysiological response in neuronal cell cultures in vitro, combining microfluidics,

micro- and nanotechnology and tissue engineering. In particular, this required the

integration of amicrofluidic platform andMEA technology to accommodate 3Dneuronal

cell culture. A range of nanogrooved patterns were studied for the effectiveness of

nanotopographical cues at the 2D interface between cells and surfaces to mimic brain
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organization such as the cortical column. To enhance neuronal network organization

in 3D, microfluidic hydrogel manipulation was studied to create self-assembled stacks

of hydrogel beads containing neuronal cells. The platform, nanogrooves and hydrogel

beads were analyzed for their impact on neuronal network organization, cell culture

viability and robustness. The rest of this section details the work performed in each

chapter as part of the presented aim.

Chapter 2 shows the relevance and multidisciplinary scope of BOC technology. It

describes the advances made within our team with regards to creating a controlled

microenvironment for hosting brain cells by (1) integration of a sieving structure for

single cell capturing , (2) generation of a nanogroove-hydrogel interface for neuronal

cell culture organization extending the influence of topographical cues into the third

dimension and (3) exploring potential differences in 3D neuronal cell differentiation

using three types of hydrogels.

Chapter 3 describes the improvements on a microbioreactor design and the

demonstration of its use for 3D neuronal cell culture on top of a MEA as a microfluidic

environment for BOC systems. Long-term cell culture viability and reusability of MEAs

for future experiments are explored too.

Chapter 4 describes an automatable image screening method through which large data

sets of neuronal cell culture experiments with an extensive range of different-sized

nanogrooves can be quantified and compared. Current limitations in studying the

morphological effects of nanogrooves on neuronal cells, in particular the alignment

of neurons and outgrowths to the pattern and the differentiation of neuronal cells, are

addressed using a combination of software not previously used for this type of analysis.

The introduced method aids in quantifying the influence of particular experimental

design inputparameters of the topographical cues on in vitroneuronal network formation.

Chapter 5 investigates nanogroove dimensions as a design input parameter for neuronal

differentiation and neurite outgrowth in brain-on-chip applications. Two PDMS

substrates were compared, where both were replicated from a cyclic olefin copolymer

(COC) template. The substrateswere directly fabricated by thermal nanoimprinting from

a resist pattern and an all silicon mold that was fabricated by using the resist pattern as

a mask. Dimensions of the nanogrooved PDMS substrates were quantified using atomic

force microscopy and compared. The method from Chapter 4 was used to quantify the

effects of the different nanogroove dimensions on the neuronal cell culture.

Chapter 6 is based on a patent that was filed on the concept and fabrication of

3D organized neuronal cell cultures by means of self-assembled stacking of cell-

encapsulating hydrogel beads. To create 3D organized cell cultures, a microfluidic

flow-focusing method has been developed to encapsulate neuronal cells in hydrogel

beads. These beads then self-assemble and neuronal networks can form with defined

3D spacing amongst the neuronal cells. The invention and the extent of successful 3D

culture by means of this method are described.

Chapter 7 concludes the work described in this thesis and generally discusses the

perspectives for utilizing and integrating the insights and methods developed for BOC

in a broader perspective of applications.
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2 | Advances in neuronal cell culture: 3D
cultures in hydrogels

In this chapter, several advances in three-dimensional (3D) neuronal cell culture platform technology are
presented. These advances focus on controlled environments for microtissue engineering and analysis
of cellular physiological and pathological responses. First, a micromachined silicon sieving structure is
presented as key parameter for a modified version of a planar tissue culture, allowing seeding of single
neurons in pyramidal shaped pores by a hydrodynamic sieve flow. Second, a nanogroove–hydrogel interface
is presented as a biomimetic in vivo representation of neuronal tissues, where 3D culturing is required to
reproduce the layered tissue organization, which is observed in the microenvironment of the brain. To further
our understanding of uniquely nanopatterned interfaces, this work evaluates 3D neuronal outgrowth into
Matrigel atop of primary cortical cell (CTX) cultured on nanogrooves. The interface facilitates conformation
of cell somas and aligned outgrowth in 3Dwith outgrowth alignment preserved inMatrigel up to 6 µm above
the nanogrooved substrate, which has a pattern height of just 108 nm. Finally, with the view to incorporate
these guided culture interfaces in a previously designed hybrid polydimethylsiloxane bioreactor, the work is
extended to explore 3D cellular culture matrix as a variable in such systems. By analyzing the effect of
different gel matrices (Matrigel, PuraMatrix, and collagen-I) on the neuron model cell line SH-SY5Y, this
contribution brings together the ability to guide neuronal growth in spatially standardized patterns and
within a bioreactor potentially coupled to an array of single cells that could facilitate readout of such complex
cultures by integration with existing technologies (e.g. microelectrode arrays). Various combinations of
these novel techniques can be made and aid to design experimental studies to investigate how changes in
cell morphology translate to changes in function but also how changes in connectivity relate to changes in
electrophysiology. These latest advancements will lead to the development of improved, highly organized in
vitro assays to understand, mimic, and treat brain disorders.

Based onAdvances in 3D neuronal cell culture, J. Frimat, S. Xie,A. Bastiaens, B. Schurink, F. Wolbers,

J. den Toonder, R. Luttge, J. Vac. Sci. Tech. B, 33 (6), 2015.
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2.1 Introduction
The development of in vitro brain-like tissue constructs is important for the

understanding of brain physiology. in vivo studies are slow, low throughput, complex,

and highly variable. In addition, animal use could be dramatically reduced for drug

screening studies if good in vitro models were engineered, as they are high-throughput,

reproducible, and robust, as well as cost-effective considering today’s demand in

pharmacological developments [1].

There is therefore a need for improving 3D neuronal cell culture models to create in
vivo, brain-like, tissue constructs on a chip for a miniaturized analytical display to

study brain development and complex brain cells interactions leading to diseases [2].

Engineering brain-like tissue constructs on a chip, however, is challenging and requires

multidisciplinary integration skills. The brain is a complex yet highly organized network

of cells communicating chemically and electrically with each other in a very specific

manner that enable its functionality [3]. Neurological disorders and diseases arise

when the brain cellular network is disturbed (i.e., by structural, biochemical, or electrical

damage), which can lead to Alzheimer, Parkinson’s, and epilepsy, to name a few.

Growing neurons in 3D and in a spatially standardized fashion will ease the

analysis of neurites and the neurite connections between cells (which is a hallmark

neurodevelopmental end point indicator) and will lead to an easier method for relating

changes in connectivity to electrophysiology. Micro- and nanofabrication can be used for

the parallel isolation and observation of cellular processes. In the field of neurobiology,

microfluidic corridors and interconnected compartments have been applied to the study

of axon guidance [4] and neuronal regeneration processes [5–8]. For the investigation of

electrophysiological function over time and for the different locations within a neuronal

cell culture, an ultimate neurodevelopmental endpoint, microelectrode arrays (MEA) can

be used [9–13]. These have been coupledwithmicrofluidic compartments for the aligned

monitoring of neuronal network activity [14–16]. Alternatively, cell patterning [17–21]

can be used to interface neurons with electrodes for probing potential propagation at

defined locations through engineered neuronal architectures [22, 23] and even along

single axons [24]. Axonal and dendritic outgrowths (collectively termed neurites) are

morphological characteristics of the differentiated neuronal phenotypes that are essential

for neuronal connectivity and network function. These neurites are dependent on many

factors to properly function, such as matrix stiffness, cell composition, and biochemical

and physical cues [25]. For example, stiffness and topography affects cell attachment and

outgrowth direction [26–28].

Topographical cues such as micro- or nanogrooves have been employed to direct nerve

regeneration [29] and outgrowth direction in 2D [30, 31] whereas matrix stiffness

can impact the phenotype and genotype of neuronal cells [31, 32]. In addition,

mechanically driven cell polarization in brain tissues and neurotherapeutic approaches

using functionalized supermagnetic nanoparticles to potentially restore disordered

neural circuits have also been investigated [33].

In order to achieve such a brain-on-chip construct (Fig. 2.1), three main challenges

must be addressed: (1) facilitating 3D conformation of cell soma and neurite outgrowth
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ideally at the level of a single cell, (2) understanding the impact of nanogrooves on 3D cell

alignment, and (3) selecting culture matrix materials best suited to act as a 3D scaffold

structure to be applied by a simple pipetting action.

We first describe a microfabricated sieving structure for the generation of a single cell

seeding platform, which utilizes hydrodynamic capturing of neurons. Here, single

neurons can be analyzed very easily in an ordered fashion. This also allows every

seeding platform to harbor arrays where the spatial confinement of cells enables analysis

of network connectivity in a reproducible manner and can be coupled to a MEA

or bioreactors [34], to directly relate changes in neuronal connectivity to changes in

electrophysiology.

Figure 2.1: Concept of our brain-like tissue construct realized by advanced micro- and nanofabrication

technology to study neuronal network behavior in 3D: Layer 1 represents the microsieve platform to array

neurons. Layer 2 depicts the nanogrooved surfaces to direct and guide neurite and network formation in

between the individual microsieves. Layer 3 shows cell cultured in hydrogels on top of the microsieve array

and guiding nanogroove topographical features to enable cells to organize in a tissue like formation in 3D.

Reproduced from Frimat et al., Advances in 3D neuronal cell culture © 2015. Open Access publication by JVSTB under
the Creative Commons Attribution License (CC BY).

Second, in order to engineer brain like tissue constructs resembling the organized in vivo
3D architecture of the brain, 3D cell culturing and control over 2D and 3D cell growth

must be achieved. State-of-the-art MEMS technology is used to fabricate the microsieve

array platform and is compatible with post-processing fabrication to enable the inclusion

of nanoimprinting lithography nanostructuring in between the pores of the sieve to

control and guide the neurite outgrowth direction. Here, the effect of topographical

surface cues (i.e., nanogrooves) on 3D cell alignment was investigated to elucidate the

impact of surface cues for 3D cell culturing.

Finally, since the stiffness of artificial substrates or scaffolds plays an important role in

cell culturing, we have documented the behavior of neuron cells in three different cell
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matrices (biocompatible hydrogels) with stiffness comparable to the brain tissue, 300–500

Pa to further our understanding of 3D cell culturing. Put together, these advances will

lead to the construction of a fully functional 3D neuronal tissue resembling the brain

microarchitecture where cells can be arrayed, hence manipulated, and 3D connectivity

can be tailored to mimic specific pathological scenarios.

2.2 Materials and methods

2.2.1 Single cell seeding in 3D pores

A sieve-structure is developed enabling hydrodynamic capturing of single cells in

micron-sized pyramidal pores. This sieving-structure with a surface area of several

square millimeters, featuring highly uniform pores and apertures, are fabricated by

means of corner-lithography and wet chemical etching in 100-silicon [35]. Before

seeding the cells into these pyramidal pores, the sieve-structure is accommodated with

a polydimethylsiloxane (PDMS) (Dow corning, Sylgard 184) reservoir (top side) and a

PDMS slab (back side) by means of which the seeding platform is connected to a syringe.

Rat cortical cells, at a density of 1000 cells in 10 µl R12H enriched culture medium [36],

are brought into the reservoir and suction with the syringe facilitates a flow across the

sieving structures, thereby positioning each of the cells into a pyramidal pore. After

seeding, culture medium is added in the reservoir and refreshed every other day. After

14 days in vitro (DIV), the cells are fixed, dried and imaged by SEM (JEOL JSM 5610). A

LIVE/DEAD assay (Sigma) was performed to verify cell viability.

2.2.2 Cell fixation and preparation for SEM

The sieving structures with cells are fixed with 4% formaldehyde in 0.1 M phosphate

buffer for 30 min. After fixation, the sieving structures are rinsed several times with

phosphate buffered saline (PBS) for 15 min and dehydrated through 70%, 80%, 90%,

and 100% ethyl alcohol for 15 min each. Chemical drying is then performed by 2 parts

100% ethyl alcohol to 1 part hexamethyldisilazane (HDMS) for 15 min, 1 part 100% ethyl

alcohol per 2 partsHDMS for 15min, then two changes for 15min eachwith 100%HDMS.

Finally, the HDMS is evaporated at room temperature in air-dry conditions overnight.

2.2.3 Nanoscaffold fabrication

The PDMS nanoscaffolds were fabricated by soft lithography with a template of resist

scaffolds formed by jet and flash imprint lithography (JFIL). Materials and the fabrication

process details are described in our previous works [30, 31]. In brief, the patterning

process contains the following steps: the scaffold was first fabricated by dispensing and

imprinting the resist using the Imprio55 equipment (Molecular Imprints, Inc., USA) with

a quartz stamp containingnanogrooved features on a siliconwafer precoatedwith bottom

antireflective coating layer. Subsequently, the resist scaffold was copied by spin coating a

PDMS layer with 100 µm thickness and curing the PDMS at 80°C for 30 min. The PDMS

copy with reversed structures was then peeled from the resist template, treated with an

oxygen plasma, and coated with polyethyleneimine (PEI), a positively charged polymer

that improves cell adhesion, before using it for cell culturing.
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2.2.4 Cell culture and staining

The primary cortical (CTX) cells were isolated from a new born rat’s cortex and were

applied on top of the PEI coated nanoscaffolds in a standard 24 well culturing plate

(Corning, Costar), at a density of 4000 – 4500 cells µl-1. The CTX cells were seeded

on the nanogrooved PDMS surfaces and allowed to stabilize and grow for 24 h. A

layer of Matrigel (BD Matrigel, Basement Membrane Matrix) was then added on top

and gelated by heat at 37°C inside an incubator with 5% CO2. R12H media [36] with

penicillin/streptomycin antibiotics was periodically exchanged every 2 days, and the

CTX cells were allowed to grow within the Matrigel matrix at 37°C and 5% CO2 for 12

days until analysis. To study the behavior of astrocytes in the primary cortical cell culture,

we performed immunostaining using astrocyte specific anti-glial fibrillary acidic protein

antibody (goat; Sigma, SAB2500462; 1:200) as primary antibody, and anti-goat IgG (H+L),

CFTM 488A (donkey; Sigma Aldrich, SAB4600032; 1:200) as the secondary antibody. The

staining protocol followed the standard protocol by Yale Center for high throughput cell

biology [37]. The primary cultures were stained with immunofluorescence (see above)

and imaged through a depth-stack scanning with confocal microscopy (Nikon) every 300

nm. Alignment was visually assessed by fluorescence and quantitatively measured.

2.2.5 Matrix preparation and analysis

To document the behavior of neuronal cells in response to different extracellular

matrices, three types of gel matrices were tested in Ibidi µ-Slides (Ibidi GmbH). SH-SY5Y

neuroblastoma cell line (Sigma Aldrich) was used to characterize neuronal performance

inside the different gel matrices. All reagents were purchased from Sigma Aldrich

unless stated otherwise. Cells were cultured following the manufacturer protocol. In

brief, cells were cultured in a 1:1 ratio mixture of Dulbecco’s Modified Eagle Medium

and F-12 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin (PS) at 37°C in a 5% CO2 environment. SH-SY5Y cell suspensions of

20 000 cells ml
-1

were mixed in a 1:1 ratio to create 10 000 cells ml
-1

samples with

either growth factor reduced Matrigel (BD Matrigel, Growth Factor Reduced Basement

Membrane Matrix), 1.5 mg ml
-1

collagen-I or 0.5% w/v PuraMatrix (BD PuraMatrix,

peptide hydrogel). Gelation for each of the matrices was done as per manufacturer

protocol, where Matrigel was warmed up to 37°C, collagen-I was brought to neutral pH

and PuraMatrix gelled by adding medium. As a control, cells were also seeded at 10

000 cells ml
-1
in µ-slide (Ibidi) wells without any biogel matrix (2D). For differentiation

into the neuronal lineage, cells were cultured 3 days in medium with added 10 µM
trans-retinoic acid within the gels, following which the performance was assessed over a

period of 9 days (neurite outgrowth and cell soma size). At days 2, 7, and 9, the samples

were fixed and stained using 0.1 mg ml
-1
propidium iodide (PI). For cells in PuraMatrix,

the samples were fixed and stained on days 4 and 8. Height-stack scans were made using

confocal microscopy (Zeiss LSM 510) and assessed for cell soma size (top-down viewed

largest diameter) and neurite outgrowth length.
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2.3 Results and discussion

2.3.1 Single cell seeding in 3D pores

A sieve-structure is developed enabling hydrodynamic capturing of cells in pyramidal

pores (Fig. 2.2a). The silicon sieve is designed as an array, which contains 900 3D

pyramidal shaped pores with a square top opening of 20 µm and a square aperture size

at the bottom of the sieve of 3 µm (Fig. 2.2b). The pores are evenly distributed in a

circular area of a radius of 1.2 mm with a pitch of 70 µm. After 14 days in vitro (DIV),

the cells in the sieving structures are stained to verify their viability and afterward their

morphology is studied with SEM. The viability of the captured neurons, verified by the

LIVE/DEAD assay (Fig. 2.5 [38]), is well within the 70% which we experienced from

previous studies [30, 34]. This indicates that the materials of the sieving structure which

are in contact with the cells and the seeding procedure have no negative influence on the

cell viability. SEM analysis shows neurons, with a round morphology, adhered to the

bottom part of the pyramidal pore. The round morphology of the neuron is the result of

the 3D environment, providing multiple adhesion points in the pyramidal shaped pore.

The hydrodynamic capturing of cells is highly efficient, as the number of occupied pores

by neurons is over 80%. The absence of large cell protrusions can be explained by the

relative large distance (70 µm) between each neuron and the lack of supporting cells in

this setup. The final single cell seeding platform can be interfaced with our previously

presented hybrid bioreactor [34] to create a 3D neuronal cell culture on top of the sieve

array within a microfluidic, shear stress-free environment.

Figure 2.2: (a) Cross-sectional SEM-image of one pore of the microfabricated silicon sieving structure, showing

a single pyramidal shaped pore with base length of 20 µm and an aperture of 3.2 µm. (b) SEM-image of the

pyramidal shaped pore containing an adhered neuronal cell isolated from the cortex of newborn rats, yielding

a round morphology similarly to culture in biogels (14 DIV). The hydrodynamic capturing of cells is highly

efficient, as the number of occupied pores by neurons is over 80%. [39] Reproduced from Frimat et al., Advances in
3D neuronal cell culture © 2015. Open Access publication by JVSTB under the Creative Commons Attribution License
(CC BY).

2.3.2 Impact of surface nanogrooves on 3D cell alignment

We previously reported that astrocytes from primary CTX cells can sense and orient

themselves to nanogrooved patterned substrates. In addition, we showed that the level

of alignment was similar for both hard (silicon, GPa range) and soft (PDMS, kPa –

MPa range) patterned surfaces, respectively, 85% and 90% alignment, indicating that
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topography not stiffness plays a crucial role in outgrowth alignment [30, 31]. In an effort

to elucidate the impact surface nanogrooves may have on 3D cell culturing, we have

cultured the CTX cells on the nanogrooved PDMS substrates and addedMatrigel on top,

a biogel serving as a biomimetic extracellular 3D scaffold. Following 12 days in culture,

the alignment at different heights was recorded by confocal microscopy. The “aligned

outgrowth” is defined as a deviation of the direction of the grooves within an angle

of less than 30 (n = 3). We demonstrate that astrocyte alignment can still be observed

at a height of 6 µm from the nanogrooves, indicating that cells keep their alignment

when migrating upwards into the Matrigel scaffold (Fig. 2.3 and Fig. 2.6 [38]) and

that nanoscale surface features can still have an influence at the micrometer scale. This

indicates that layered topographical cues are critical for the creation of organized 3D cell

cultures with nanogrooved interfaces.

Figure 2.3: Example of CTX primary astrocytes aligned to the nanogrooves at (a) 0 µm and at (b) 6 µm is

shown. Thewhite arrows indicate the parallel direction of the nanogrooves. Scale bars = 50µm. (c) Normalized

outgrowth alignment against 3D culture height showing that 6 µm from the nanogrooves, 65% of alignment

is still observable. The “aligned outgrowth” is defined as a deviation of the grooves direction within an angle

of less than 30 (n = 3). (d) Schematic drawing of the spatial positions of the scaffolds and the cells. The images

of cells in 3D culture were taken from top view. [40] Reproduced from Frimat et al., Advances in 3D neuronal cell
culture © 2015. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

2.3.3 Neuronal cells inside 3D matrices

The endgoal of this project is to interface 3Dneuronal cell cultureswithin a bioreactor [34]

to understand and control the relationship between connectivity and electrophysiology
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in brain like tissue constructs. Therefore, the behavior of the neuronal cells must be

documented in a 3D matrix. We chose three different matrices: collagen-I, Matrigel,

and PuraMatrix. These matrices can be gelated to provide a 3D environment where

the cells can sit and grow. In addition, these biocompatible gels have stiffnesses related

to the brain, between 200 and 500 Pa, making them suitable for mimicking the in vivo
brain’s extracellular matrix (ECM). The neuroblastoma cell line SH-SY5Y was chosen as

the neuron cell line candidate for assessing the effect of culturing cells in 3D matrices.

Here, we show that following 8 and 9 days in culture, neurite outgrowth was similar in

all samples (2D = 50 ± 23 and 3D = 40 ± 27 µm) (n = 3), indicating that 3D culturing

and matrix composition did not affect the ability of the neurites to grow (comparable to

2D lengths) (Fig. 2.4a). However, a major difference was observed when comparing cell

soma sizes between 2D and 3D samples (Fig. 2.4b). On 2D surfaces, the cells are allowed

to spread and as a consequence their overall morphology is large and flat (44 ± 7 µm) (n

= 3). In 3D conformation, the cells are not allowed to spread, and as a consequence, their

overall morphology is small and round (19 ± 5 µm) (n = 3) (Fig. 2.7 [38]).

Similarly, these changes in cell soma sizes were also observed for the cortical astrocytes

grown on soft PDMS surfaces [30, 31], indicating that although material stiffness does

not affect outgrowth length and alignment, stiffness does affect the cell morphology

and therefore potentially its function. Indeed, previous reports have identified genetic

variations in correlation with morphological changes in the SH-SY5Y cell line grown

in 3D compared to 2D. In 3D, genes encoding cytoskeletal-associated proteins such

as actin filament α2 capping protein and signal transduction factors such as midkine

were upregulated. Genes encoding the cytoskeletal proteins filamin A, actinin 1α1,
and talin 1 and genes encoding ECM molecules such as fibronectin 1, collagen IIIα1,
and versican were all downregulated in 3D. [32] These analyses were performed in

both Matrigel and collagen-I gels and showed the same trend, indicating that the cell

is able to sense its 3D environment and adopt a more in vivo like morphology as a

consequence [41]. In addition, Choi et al. [42] also used quantitative Polymerase Chain

Reaction to demonstrate that neuron maturation is promoted in 3D cultures and tau

expression is increased, which is essential for reconstituting tauopathy, an important

feature in Alzheimer disease. It is however important to notice that 3D culturing results

in the formation of highly disorganized cellular networks that make morphological

measurements such as neurite outgrowth length challenging. The slightest variation

in cell concentration and cell positioning within the sample translates into variations in

those measurements, as evident from the error bars in (Figure 2.4). If neurons are close
to each other, their connecting neurite outgrowth will be shorter than if the neurons

were standing further apart. Hence, spatial standardization or cell patterning could be

hugely beneficial to standardize thedistances betweenneurons (standardizing outgrowth

lengths) and enabling reproducible measurements to be recorded and compared [21].

Since relating connectivity to electrophysiology is the focus of the project, control over the

level of connectivity inside the 3D sample is as important as controlling the connectivity

at the interface between neurons and electrodes. In our next efforts, we will investigate

how cells can be organized at the 3D level.
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Figure 2.4: Comparison of SH-SY5Y differentiated cells on flat surfaces (2D, polystyrene) and inside different

biogels (3D=Matrigel, collagen-I andPuraMatrix). (a)Neurite outgrowth lengthmeasurements are comparable

after 9 days in culture between 2D and 3D cultures, averaging at 50 ± 23 µm for 2D and 40 ± 27 µm for 3D in

length (n = 3). (b) SH-SY5Y cell size decreases from 44 ± 7 µm for 2D flat surfaces to 19 ± 5 µm (n = 3) inside

3D biogels after a period of 9 days. Reproduced from Frimat et al., Advances in 3D neuronal cell culture © 2015.
Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

2.4 Conclusion
We have developed a novel sieving structure that allows hydrodynamic arraying of

individual neurons generating a spatially standardized analytical display for neuronal

cell and network formation studies. We have shown that 2D surface nanoscale cues can

affect 3D cell cultures where PDMS engineered guiding nanogrooves with heights of 108

nm impart neurite outgrowth alignment up to 6 µm inside the biogel scaffolds (height).

We have also demonstrated that 3D cell culturing of SH-SY5Y differentiated neurons

inside biogel scaffolds leads to changes in cell morphology which resemble the in vivo
neuronmorphology (round in shape, smaller in size ± 20 µm). In summary, we designed

and realized spatial control features for the organized formation of neuronal networks

both at the 2D interface and with organizational capabilities in 3D.
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Supplementary materials

Figure 2.5: Live dead staining on the micro sieve device. Over 70% of cells were viable following the trapping

inside the micro-sieve array. Scale bar = 50µm. Reproduced from Frimat et al., Advances in 3D neuronal cell culture
© 2015. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

Figure 2.6: Z stacking of rat cortical astrocytes cultured on a nanogrooved surface, showing the height of the

culture. Reproduced from Frimat et al., Advances in 3D neuronal cell culture © 2015. Open Access publication by
JVSTB under the Creative Commons Attribution License (CC BY).

Figure 2.7: A comparison of SH-SY5Y cells growing on a flat 2D (control, top panel) surface and SH-SY5Y cells

growing in 3D inside Matrigel (bottom panel). SH-SY5Y cell size decreases from 44 ±7 µm for 2D flat surfaces

to 19 ±5 µm (n = 3) inside 3D biogels. Scale bars = 50 µm. Reproduced from Frimat et al., Advances in 3D neuronal
cell culture © 2015. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).
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3 | Advancing a MEMS-based 3D neuronal cell
culture system

In this chapter we present advances in three dimensional (3D) neuronal cell culture systems based on a
reversible assembly of a microbioreactor with a microelectrode array (MEA) to create a MEMS-based 3D cell
culture system for in vitro neuro-electrophysiological recordings. A batch of six molds were milled in poly
(methyl methacrylate). The molds were used for soft lithography of polydimethylsiloxane (PDMS). In the
center of the PDMS shape, a porous polyethersulfone (PES) cylindrical tube was press-fitted to form a growth
barrier between the culture chamber inside the PES tube and the microfluidic channel surrounding the PES
tube. A thin layer of partially cured PDMS was used to seal the bottom of the microbioreactor and provide
reversible adhesion with the glass surface of a MEA. SH-SY5Y cells were successfully differentiated inside
the microbioreactors in Matrigel and demonstrated extended neuronal networks over a height of at least 184
micrometers within the system. In previous microbioreactor designs visibility was limited due to the closed
top with the dispensing holes. The new open top design allows for a better evaluation of the cell culture
by optical detection methods during the experiment. Electrophysiological activity was recorded within the
microbioreactor using human induced pluripotent stem cell-derived cortical neurons cultured in Matrigel,
in 3D, up until 21 days in vitro. In summary, we present advances made in the design, the fabrication
process and integration of microbioreactors with MEAs. Optical imaging capabilities improved significantly
with an open top and the culture time was further extended from 7 to 21 DIV without leakage or degradation
thanks to introducing PES as a barrier material and an enhanced assembly procedure. The latter facilitated
a sufficient long-term culture for neurons to mature in an environment free from flow-induced stress and
provided a proof of principle for the recording of electrophysiological activity of cortical neurons cultured in
3D.

Based on Advancing a MEMS-based 3D cell culture system for in vitro neuro-electrophysiological
recordings, A. Bastiaens, J. Frimat, T. van Nunen, B. Schurink, E. Homburg, R. Luttge, Front.
Mech. Eng. - Micro- and Nanoelectromechanical Systems, 2018.

35



3

3.1 Introduction
The advance of cell culture models employing three-dimensional (3D) matrices for

cells has proven to be of vital importance in studying cellular physiological and

pathological responses. Compared to two-dimensional (2D) cell culture, 3D cell culture

better represents the in vivo situation, with more appropriate cell-cell and cell-matrix

interactions and biochemical and biophysical microenvironments [1–3]. Hydrogels are

often employed to create these 3D microenvironments [4, 5]. However, the diffusion

of oxygen and nutrients is a limiting factor. Therefore, 3D cell cultures are performed

in culture platforms with microelectromechanical system (MEMS) features and often

microfluidic components to compensate for such issues and create small, sustainable

culture volumes typically in the microliter range that are accessible for optical, chemical,

or electrical analysis. In this chapter, we contribute to this researchfieldwith the advances

made on our own microbioreactor design [6].

In vitroneuronal cellmodels benefit from these 3D cell culture platforms as cells can better

express the neuronal phenotype and form more realistic neuronal networks [7–12]. In

neuroscience research, the study of the electrophysiological response of neurons and

neuronal networks is vital to understand brain function and brain pathology. Planar

microelectrode arrays (MEA) are a state-of-the-art tool in in vitro studies, which consists

of a glass surface with an array of microelectrodes for neuron coupling that connect to

an external electronic amplifying system for input and output via spring-loaded contact

pins to contact pads on the chip. The contact between cells and electrodes determines the

quality of the captured signals, which requires the use of low-impedance electrodes [13].

Although neurons would interact in 2D with the electrodes of a MEA, having a 3D

neuronal cell culture on topof aMEAcould aid inmore realistic neuronal network activity

as well as drug and toxicity screenings. Several others have shown the relevance of in
vitro systems for neuronal cell cultures that include electrophysiological measurements.

For example, Soscia et al. reported on the development of a removable device that allows

for regional seeding of different neuronal cell types onto custom-made MEAs without

barriers [14] and Kanagasabapathi et al. demonstrated a dual-compartment microfluidic

system for segregated neuronal cell culture with functional connectivity [15]. These

systems showdifferent 2Dbrain regions,which interact onone chip. An in vitrobioreactor
with thick film, low impedance, gold electrodes has been also developed for neuronal

recordings in a 3D neuronal cell culture volume [16], but cell culture within this system

was not yet performed in a 3D cellular microenvironment such as a hydrogel. In another

concept, a layer-by-layer approach of electrode arrays in a polydimethylsiloxane (PDMS)

bioreactor was shown as a prototype for 3D neuronal cell culture that is compatible with

commercial amplifiers for planar MEAs [17]. This bioreactor concept requires fluid flow

through the cell culture volume to refresh nutrients and wash away waste products.

Compared to the systems with custom fabricated electrodes from Bartsch et al. and

Musick et al., the devices of Soscia et al. and Kanagasabapathi et al. are more readily

available for additional biological assays outside of electrophysiological experiments as

these are relatively easy and fast to fabricate. However, all these devices have limitations

to the extent in which 3D cell culture can be performed. We therefore see a need for a

new concept, which facilitates 3D soft-tissue culture on currently available commercial

MEA technology and implements a barrier between fluids and neuronal cell culture, to
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eliminate shear stress on the cells due to fluid flows and sustain long-term culture.

As mentioned above, in our previous work, a microbioreactor was designed that can be

placed onto glass surfaces, such as that of a MEA, to create a MEMS-based 3D neuronal

cell culture system. In the microbioreactor, 3D cell culture could be maintained within

a central chamber surrounded by an agarose membrane to mechanically separate the

microfluidic channel from the culture medium. This separation membrane between

microfluidic channel and culture chamber effectively ensured compound exchange with

the cell culture based on diffusion as demonstrated by preliminary experiments with

primary rat cortical cell culture for 6 days in vitro (DIV) [6]. For the practical purpose

of scaling up this concept an additional iteration on the design was made. Instead of

agarose, a polyethersulfone (PES) membrane, which is a biocompatible, low protein-

binding material that does not degenerate over long periods of cell culture, was selected.

This version was used so the microbioreactor could be successfully integrated with a

capillary electrophoresis chip to perform biochemical analysis of metabolites of 3D cell

cultures [18]. However, these previous studies with the PES membrane implemented

in the microbioreactor were not described for their outcomes in cell culture yet. Also,

the reusability of MEAs after the addition of a microbioreactor is important to reduce

cost and waste in such experiments. Last, electrodes in MEAs block the imaging path

and thereby limit the information that can be gained from neuronal cells behind these

electrodes and the open-top microbioreactor introduced here may provide a means to

improve visualization of the cell culture besides implementing the capability of electrical

recordings.

Here, we use two neuronal cell types. First SH-SY5Y cells, a human neuroblastoma

cell line that can be differentiated towards the neuronal phenotype, was used in a pilot

experiment to evaluate culture conditions for long-term culture in the microbioreactor

with PES barrier. Second, to proof the feasibility of relevant 3D neuronal cell cultures

onMEAs, preliminary electrophysiological recordings from human induced pluripotent

stem cell (iPSC)-derived cortical neurons were demonstrated.

3.2 Material and Methods

3.2.1 Fabrication and preparation of microbioreactor

The microbioreactor design is an iteration based on previous works in which

the microbioreactor was created using brass and steel molds [6, 18]. Here, the

microbioreactor was fabricated by means of soft lithography of PDMS in poly (methyl

methacrylate) (PMMA) molds and the use of porous polyethersulfone (PES) cylindrical

membranes. The PES tube, which is generally used in water filtration applications (X-

Flow Pentair, Enschede, the Netherlands), was chosen as a membrane due to its small

pore size, biocompatibility and low-protein binding properties [18]. PMMAmolds were

made using the Roland MDX-40A (Roland DG, Geel, Belgium), a milling machine with

micrometer precision range. This way a multitude of mold copies could be made, here,

specifically a range of six identical molds. First, a PMMAplate with 10mm thickness was

placed in the machine and a 4 mm flat-bottomed roughing end mill (WNT, Roosendaal,

Nederland) was used to mill coarse features, after which a 2 mm milling flat-bottomed

end mill (WNT) was used to mill the detailed features. A 1 mm milling flat-bottomed
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end mill (WNT) was used to drill two 1.2 mm diameter holes into the PMMA mold

based plate for flat-tipped 18-gauge needles (VWR, Amsterdam, the Netherlands) to be

inserted. To ensure that PDMS could be removed from the mold after curing, the side

walls of the mold were made from separate PMMA rings, which were laser cut (VLS,

Universal Laser Systems, Austria) from a PMMA plate of 8 mm thickness.

After assembly of the mold, PDMS (Sylgard® 184, Dow Corning, Wiesbaden, Germany)

could be poured into the mold (Fig. 3.1A). For this, the PDMS elastomer and curing

agent were mixed in a 10:1 weight ratio and degassed for 10 minutes using a vacuum

chamber and gently poured into a 10 ml syringe (VWR). Due to the viscous nature of the

PDMSmixture and the small volume of eachmold at ~1.1 ml, a syringewas used to inject

the PDMS mixture into each unit of the mold. Next, the molds with PDMS were put in

an oven at 65°C for four hours to fully cure the PDMS. Using this newmold platform, six

microbioreactors can be manufactured in one replica-molding batch.

Figure 3.1: Microbioreactor mold fabrication process. (A) Schematic view of PDMS soft lithography in

assembled mold. (B) After curing the PDMS in an oven at 65°C for four hours, the PDMS is removed from the

mold. (C) A porous PES cylinder is press-fitted into the opening of the PDMS, creating a membrane between

the outer microfluidic channels and the central chamber for cell culture. (D) The PDMS-PES assembly is placed

into a partially cured PDMS layer, obtained by curing PDMS on a PMMA plate for 17 minutes on a hotplate

at 65°C, with the hole of the central chamber and the hole in the partially cured PDMS aligned by means

of a pipette tip placed through the hole in the PMMA to guide the central chamber onto the partially cured

PDMS. Afterwards, it is placed back onto the hot plate to fully cure at 65°C for two hours. (E) The sealed and

fully assembled microbioreactor is gently peeled off the PMMA plate. (F) The microbioreactor is placed onto

a glass surface or MEA, allowing for 3D neuronal cell culture on the substrate. Reproduced from Bastiaens et al.,
Advancing a MEMS-based 3D neuronal cell culture system © 2018. Open Access publication by Frontiers of Mechanical
Engineering under the Creative Commons Attribution License (CC BY).

The outer ring was used as side walls in the mold and the flat-tipped needles were

removed from the mold so the PDMS part of the microbioreactor could also be removed

from the mold plate (Fig. 3.1B). The Porous PES tubes, providing a membrane between

the cells in the culture and the fluidic channel, were cut to a length of 4 mm and press-

fitted into the PDMS (Fig 3.1C).
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A 2 mm thick plate of PMMA with six 3 mm diameter holes was warmed up on a

hotplate at 65°C for five minutes, after which a thin layer of uncured PDMSwas smeared

over the whole plate. A 200 µl pipette tip was used to remove excess PDMS from the

holes. The PMMA plate with PDMS was left on a hotplate at 65°C for 17 minutes for the

PDMS to partially cure, after which microbioreactors were gently placed over the holes

(Fig. 3.1D). To make sure the hole in the PMMA aligned properly with the center of a

microbioreactor, a 200 µl pipette tip was placed through the PMMA hole to center the

microbioreactor. After centering, the pipette tip was removed and the PMMA plate with

the microbioreactors was placed back onto the hotplate for another two hours at 65°C to

fully cure.

The sealed and cured microbioreactor was peeled off the PMMA plate (Fig. 3.1E).
A thin layer of PDMS surrounding the microbioreactor was left intact as part of the

microbioreactor. This additional layer improves adhesion of the microbioreactor to the

glass surface of either a MEA (Multi Channel Systems GmbH, Reutlingen, Germany)

with configurations of either 60 electrodes or 120 electrodes, or a cover slip. Prior to cell

culture, the microbioreactor was placed on either a cover slip or MEA (Fig. 3.1F) and
the top and inside of the microbioreactor were sterilized using 70% ethanol (VWR) for

30 minutes and rinsed thoroughly with demineralized water.

3.2.2 Culturing and differentiation of SH-SY5Y cells

SH-SY5Y cells (Sigma Aldrich, Zwĳndrecht, the Netherlands), a neuroblastoma cell line,

were cultured in T75 flasks in culture medium containing Dulbecco’s Modified Eagle’s

Medium (DMEM) and Ham’s F12 medium in a 1:1 ratio (VWR), supplemented with

10% fetal bovine serum (FBS; lot no. 11113, Bovogen, East Keilor [VIC], Australia) and

1% penicillin/streptomycin (PS; Westburg, Leusden, the Netherlands) in an incubator

at 37°C and 5% CO2. Cells were detached from the T75 flask using trypsin (Westburg)

when reaching 70%– 80% confluency. TheNucleoCounterNC-200 (ChemoMetecGmbH,

Kaiserslautern, Germany) was used to determine the cell density of the cell suspension

after which the number of cells required for cell seeding into the microbioreactors was

calculated. All experiments were performed with cell cultures at passage 19.

To culture cells in the microbioreactor in 3D, Matrigel (VWR) was selected as a hydrogel

for the 3D microenvironment [8, 19, 20]. Cell suspension of SH-SY5Y cells in Matrigel

was prepared by adding a 10X concentrated cell suspension in culture medium to the

liquefiedMatrigel, which is kept in an Eppendorf tube in ice water to ensure theMatrigel

stays liquid-like. Pipettes used for handlingMatrigel were stored in the freezer and taken

out shortly before these handling steps to minimize temperature increase and thereby

the gelling of the Matrigel, which starts at around 10°C. Subsequently, a cell suspension
at 10X concentration was added to the Matrigel at a 1:9 ratio to ensure that the final cell

suspension in the Matrigel would be at 1X concentration.

Cell suspensions in the medium were prepared in the Matrigel at 4 x 10
5
cells ml

-1
and 4

x 10
6
cells ml

-1
, referred to as low- and high-cell seeding density, respectively. For each

cell seeding density, 15 µl of cells in theMatrigel were pipetted into the bottom of the PES

tube of amicrobioreactor at 0 DIV. To allow theMatrigel to gel, themicrobioreactors were

placed in the incubator at 37°C and 5% CO2 for 15 minutes. Next, 120 µl of medium was
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injected into the microfluidic channel and 50 µl of medium was pipetted on top of the

cell culture in the culture chamber. For differentiation, at 1 DIV, the culture mediumwas

replaced with the culture medium supplemented with 10 µM retinoic acid (RA; Sigma

Aldrich) for 72 hours to initiate differentiation of the cells [21]. Subsequently, at 4 DIV,

mediumwas replacedwith culturemedium supplementedwith 50 ngml
-1
brain-derived

neurotrophic factor (BDNF; Sigma Aldrich) for 24 hours to enhance the differentiation

of the cells [22, 23]. After that, cells were kept in the culture medium until 21 DIV, and

the medium was refreshed every 48 hours. Cultures were fixed on 21 DIV by washing

the samples twice in PBS and subsequently treating them with 3.7% paraformaldehyde

(Merck Millipore, Amsterdam, the Netherlands) for 1 hour. The microbioreactors on the

MEAs were removed prior to fixing the cells, as fixing is detrimental to the MEA. This

was done by carefully lifting one side of the microbioreactor until the microbioreactor,

including the 3D cell culture, came off the MEA, then transferring the microbioreactor,

and its contents, to a cover slip.

For each of the cell densities used, experiments on microbioreactors on glass cover slips

were performed in duplicate. SH-SY5Y neuronal cell cultures in 2D were performed

as controls. The microbioreactors were placed onto two MEAs for 21 DIV at a low-cell

seeding density.

3.2.3 Culturing human iPSC-derived cortical neurons

Human iPSC-derived cortical neurons (Axol Bioscience, Cambridge, UK) were plated,

differentiated andmaintained according to manufacturer guidelines (Axol Bioscience) to

generate a pure population of cortical neuronal without prior cell culture expansion in

the microbioreactors on MEAs with 120 electrodes (Multi Channel Systems GmbH). In

brief, the culture chamber and glass surface of the MEA were pre-coated with SureBond

andReadySet (Axol Bioscience) to ensure adhesion of cells to the surfaces one day prior to

cell seeding. Cells were thawed and drop-wise added to an Eppendorf tubewith 10ml of

pre-warmed, 37°C, Neural Expansion-XF Medium (Axol Bioscience) and centrifuged at

200× g for 5 minutes, after which the mediumwas removed and cells were resuspended

in Neural Plating-XF Medium (Axol Bioscience). Cells were then counted using the

NucleoCounter NC-200. A 2D layer of cells at 1.5 x 10
5
cells cm

-2
was added to the

microbioreactors and left to adhere for 30 minutes prior to adding cells that were mixed

withMatrigel to achieve a cell density of 8 x 10
6
cells ml

-1
in the 3D volume. Then, 50 µl of

the cell suspension in Matrigel was pipetted into each microbioreactor onto the 2D layer

of cells. The microbioreactors were placed into an incubator for 24 hours at 37°C and 5%

CO2, after which half of the medium volume was replaced with Neural Maintenance-

XF Medium (Axol Bioscience) to allow the cells to recover from thawing and seeding.

After another 24 hours, the medium was fully refreshed with Neural Differentiation-XF

Medium (Axol Bioscience). Neural Differentiation-XF Medium was refreshed every 48

hours until 10 DIV, after which half the volume of mediumwas refreshed every 48 hours

using Neural Maintenance-XF Medium.

Electrophysiological measurements were performed every day from 6DIV onwards until

21 DIV using the 2100MEA-System (Multi Channel Systems GmbH) with 120 electrode

head stage and associated softwareMulti Channel Experimenter (Multi Channel Systems

GmbH). Each day, recordings of spontaneous activity of the neuronal cell culture were
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made for each sample.

3.2.4 Immunofluorescence staining

Immunofluorescence staining was performed on the cells in the Matrigel and on

2D samples for control. The SH-SY5Y cells were stained with anti-β-Tubulin III

(Sigma Aldrich) and anti-mouse IgG Alexa 555 (Thermofisher Scientific, Bleiswĳk, the

Netherlands) as primary and secondary antibodies to selectively stain SH-SY5Y that

differentiated into a neuron-like phenotype [24]. Cells were permeabilized for one hour

with 0.1% Triton X-100 (Merck Millipore), then washed twice for 30 minutes with PBS.

Then, for four hours a blocking buffer of 10% FBS in PBS was applied, followed by

incubation overnight with 1:100 primary antibody and 10% FBS in PBS. Cells were

washed four times for two hours with 10% FBS in PBS, then incubated overnight with

1:100 secondary antibody and 10% FBS in PBS. Additionally, two drops ml
-1
NucBlue

™

(Thermofisher Scientific) were added to the secondary antibody solution to stain the

cell nuclei. In the case of the cell cultures on the MEAs, two drops ml
-1

Actingreen
™

(Thermofisher Scientific) to stain the cytoskeletal protein F-actin in the cells was also

added. Finally, samples were rinsed four times for one hour with PBS prior to imaging.

To ensure cell cultures would not dry out during confocal imaging, PBS was replaced

with the embedding mediumMowiol (Sigma Aldrich), which is typically used to mount

2D samples on cover slips prior to imaging, but can also be used for 3D samples.

3.2.5 Imaging of cell cultures

During the experiments, cell cultures were studied using phase-contrast imaging with

the EVOS FL microscope (Thermofisher Scientific) to obtain qualitative observations on

culture viability, cell density, neuronal outgrowths, and network formation on 1 and 14

DIV. Confocal laser scanningmicroscopywas performed as end-point analysis on stained

cell cultures to generate z-stack images, stacked 2D images forming a 3D representation,

using the Leica TCS SP5X (Leica, Amsterdam, the Netherlands).

3.2.6 MEA cleaning and reusability

After the pilot experiment using SH-SY5Y cell culture within the microbioreactor on the

MEAs and prior to fixing the cell culture, the microbioreactor was carefully lifted from

theMEA. To ensure no chemicals or cell remnants would dry out on theMEA, the surface

was covered in PBS until cleaning was performed. The MEA manufacturer guidelines

were followed for cleaning the MEAs after cell culture. A 1% Terg-A-Zyme (Sigma

Aldrich) solution in distilled water was prepared and placed onto the MEA overnight

at room temperature. Afterwards, the MEA was thoroughly rinsed with distilled water

and left to dry prior to optical inspection.

3.3 Results

3.3.1 Microbioreactor fabrication

Amicrobioreactor design was realized (Fig. 3.2A,B) by means of PDMS soft lithography

using a micromilled PMMA mold and assembled with an insert, a porous PES tube,
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which forms a growth barrier between the culture chamber and microfluidic channel

(Fig. 3.2C). The PDMS shapes resulting from the molds were reproducible over multiple

production runs without damaging or deteriorating the molds.

Figure 3.2: Microbioreactor mold and fabrication result. (A) Parts of the mold for the fabrication of the PDMS

part of the microbioreactor. The primary mold I was made using micromilling of PMMA, which allowed for

the production of multiple copies. To ensure the PDMS could be removed after soft lithography from the

mold, the side walls II were made from separate pieces of PMMA. For the inlets of the microfluidics channels,

flat-tipped needles III were inserted into the mold. (B) The assembled mold. Scale bars in (A,B) denote 3 cm.

(C) Resulting PDMS microbioreactor with PES tube, with arrows denoting inlets to the microfluidic channel

and the dashed arrow denoting the culture chamber inside the PES tube. Scale bar denotes 1 cm. Reproduced
from Bastiaens et al., Advancing a MEMS-based 3D neuronal cell culture system © 2018. Open Access publication by
Frontiers of Mechanical Engineering under the Creative Commons Attribution License (CC BY).

The PES tube locked into the PDMS firmly and the thin layer of partially cured PDMS

underneath the microbioreactor ensured the PES was locked in place and when inserted

into the microbioreactor, no fluids would circumvent the PES tube. The thin layer of

PDMS also ensured that if a minimal amount of liquid seeped in between the PDMS

and the glass surface, losing the adhesion and placement of the microbioreactor was

avoided. Last, the thin layer of PDMS smoothened out any surface roughness from the

micromilling on the bottom of the PDMS part of the microbioreactor, again aiding the

adhesion between the PDMS and the glass. The microbioreactor was placed on the MEA

after lifting the microbioreactor from the PMMA plate, using a microscope for overlay of

the culture chamber with the electrodes during placement. Due to this manual handling,

placement was not particularly well overlaid with the area of the microelectrodes and

the small edges of the thin layer of the PDMS could still be seen within the inner part of

the PES tube (Fig 3.5A). Nevertheless, the area with microelectrodes was fully accessible

for the 3D cell culture.

3.3.2 Cell culture in the microbioreactor

Long-term cell culture of 21 DIV was performed using both SH-SY5Y cells and human

iPSC-derived cortical neurons in the microbioreactor. The SH-SY5Y cells were cultured

at low- and high-cell seeding densities on glass cover slips and at low-cell seeding density

on MEAs. Human iPSC-derived cortical neurons were cultured in microbioreactor on

MEAs. These experiments were performed to demonstrate the long-term functionality

of the MEMS-based 3D neuronal cell culture system that is provided by integrating the

microbioreactor with a MEA.

SH-SY5Y cell cultures, both in 3D and 2D control samples, remained viable over the
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course of the experiment (Fig 3.3A-F). Due to the upgrade of the design having a culture

chamber with an open top, cell cultures could be tracked well during the experiments.

Already at the end of one DIV, after adding the RA, cells could be seen with outgrowths

starting to form towards creating a neuronal network of connected cells (Fig 3.3A-
C). Cells continued to show differentiation through their morphological changes, in

which outgrowths could be seen growing in the Matrigel (Fig 3.3D,E) and in the 2D

control samples (Fig 3.3F). In 3D, the outgrowths between groups of cells within the

3D microenvironment formed neuronal networks. At 14 DIV, individual outgrowths for

cells were poorly distinguishable within the cell culture, as these had grown into dense

networks, particularly in the case of the high-cell seeding density.

Figure 3.3: Microbioreactor onMEAduring neuronal cell culture. (A-C) Representative overview images taken

of the SH-SY5Y neuroblastoma culture in the Matrigel within the microbioreactor on a glass cover slip at 1

DIV at focal planes near the cover slip (A), the middle (B), and the top (C) of the 3D cell culture. Small images

indicate enlarged sections of the large images, showing SH-SY5Y cells that have started to produce outgrowths.

The scale bars denote 1mm for the overview images and 100µm for the enlarged sections. (D) A representative

image of differentiated SH-SY5Y cells at 14 DIV for 4 x 10
5
cells ml

-1
in a microbioreactor on top of a cover

slip. The scale bar denotes 400 µm. (E) Representative image of differentiated SH-SY5Y cells at 14 DIV for 4 x

10
6
cells ml

-1
in a microbioreactor on top of a cover slip. The scale bar denotes 400 µm. (F) A representative

image of 2D control culture of differentiated SH-SY5Y cells at 14 DIV. The scale bar denotes 400 µm. For all

images, the brightness was increased by 20% to increase visibility. Reproduced from Bastiaens et al., Advancing a
MEMS-based 3D neuronal cell culture system © 2018. Open Access publication by Frontiers of Mechanical Engineering
under the Creative Commons Attribution License (CC BY).
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Figure 3.4: Confocal laser scanning microscopy of 3D SH-SY5Y cells in the microbioreactor. (A) Maximum

intensity projection of slices for the range of 0 – 33.8µm away from the bottom surface. (B) Maximum intensity

projection of slices for the range of 35.1 – 106.6 µm away from the bottom surface. (C) Maximum intensity

projection of slices for the range of 107.9 – 184.6 µm away from the bottom surface. (D) Maximum intensity

projection the complete z-stack with a range of 184.6µmand slices at a 1.3µm interval. The staining shows red

for neuron-specific proteinβ-Tubulin III, green for actin, and blue for cell nuclei for (A-D). The scale bars denote

400 µm. White arrows in (A-C) indicate neuronal outgrowths. Reproduced from Bastiaens et al., Advancing a
MEMS-based 3D neuronal cell culture system © 2018. Open Access publication by Frontiers of Mechanical Engineering
under the Creative Commons Attribution License (CC BY).
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Imaging of neuronal cell cultures

At the end of these pilot experiments, cells were fixed and stained on the glass cover slips.

For the cells in the microbioreactor on the MEAs, we first removed the cell culture from

the MEA, otherwise reuse of the MEAwould be hampered due to the fixation chemicals,

as fixed cell remnants do not wash off the MEA surface using Terg-A-Zyme. After lifting

the microbioreactor off the MEA, it was carefully placed on a glass cover slip to reseal

the system and allow for fixing and staining. Due to the microbioreactor being wet from

the culture medium, a thin film of medium would form between the cover slip and the

microbioreactor, making themicrobioreactor slide on top of the cover slip. By placing the

microbioreactor and cover slip on a hydrophobic surface, here a layer of Parafilm (Sigma

Aldrich), during fixing and staining, no leaking of liquid from themicrobioreactor would

occur, ensuring that the cultures stayed wet. Confocal laser scanning resulted in z-stacks

of the 3D cell culture volume (Fig 3.4). These z-stacks confirmed that a 3D volume of

Matrigel with cells distributed throughout the gel was in place after 21 DIV, although

comparatively more cells were in the bottom layer (Fig 3.4A) compared to the higher

regions of the culture volume (Fig 3.4B,C). In particular it was observed that most cells

in the upper layers of the 3D volume stained for β-Tubulin III, therefore confirming the

expression of the neuronal phenotype and showing longer outgrowths. Relatively fewer

cells near the bottom layer of the 3D volume showed this neuron-specific protein and

also fewer and shorter outgrowths.

MEA cleaning after microbioreactor usage

After the experiments were performed with the microbioreactors on the MEAs, it

was demonstrated that the MEAs can be cleaned for future experiments. Following

manufacturer guidelines on cleaning and drying the MEAs, little debris was left on the

surface with no visible cell bodies or outgrowth remnants as compared to the MEA prior

to the experiment upon optical inspection (Fig 3.5).

Electrophysiological activity of cortical neurons within the microbioreactor

Recordings of electrophysiological activity were successfully performed using human

iPSC-derived cortical neurons in 3D within the microbioreactor on top of a MEA. Over

the course of time, from the first measurements at 6 DIV until measurements at 21 DIV,

electrodes were able to record spontaneous spiking activity from the cortical neurons

(Fig 3.6). The recordings show amplitudes in the 100 µV range at 7 DIV (Fig 3.6A), to

amplitudes higher than 400 µV at 14 and 21 DIV (Fig 3.6B-C). The recordings also show

that when comparing 7, 14 and 21 DIV, that over time the number of bursts of activity

and the number of locations where activity is recorded increases (Fig 3.6D-F).

3.4 Discussion
In thisworkwepresent advances in 3Dneuronal cell culture systems based on a reversible

assembly of amicrobioreactorwith aMEA to create aMEMS-based 3D cell culture system

for in vitro neuro-electrophysiological recordings.

The fabrication of the microbioreactor was scalable thanks to the use of a micromilled

mold platform to scale up the microbioreactor replica molding process from one to six
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3 Figure 3.5: A MEA surface before and after a 3D SH-SY5Y cell experiment in a microbioreactor on top of a

MEA. (A) Tile stitched image derived from 2 x 2 images at 4 x magnification of a microbioreactor on top of a

MEA prior to the experiment. The dark circle is the porous PES tube that functions as a membrane between the

microfluidic channel and the inner culture chamber that is centered on the microelectrodes. Scale bar denotes

1 mm. (B) After the long-term cell culture of SH-SY5Y cells inside a microbioreactor on a MEA, the cell culture

was removed from the MEA for further analysis. The MEA was cleaned and imaged to assess the debris left

after the cell culture. The scale bar denotes 1 mm. The image brightness and contrast were increased by 40%

to increase visibility. Reproduced from Bastiaens et al., Advancing a MEMS-based 3D neuronal cell culture system ©
2018. Open Access publication by Frontiers of Mechanical Engineering under the Creative Commons Attribution License
(CC BY).

per batch. This makes the platform useful to experiments requiring multiple repetitions,

as it is often the case in biological studies. is the option for a scalable fabrication process

also facilitates higher throughput experiments. Any seeping of fluid in between the

PDMS and glass would often result in the microbioreactor gradually detaching from

the glass and drifting from its original position, showing the importance of starting

with a completely dry MEA and microbioreactor and gentle addition of fluids, as the

resulting pressure on the systems may cause deformation of the PDMS and thereby

local detachment of PDMS from the surface. The thin layer of PDMS underneath aided

in improved adhesion between the microbioreactor and the surface of the glass. In

our experience, the use of the thin layer of PDMS and starting with completely dry

components worked better with regard to adhesion to the glass surface compared to

when the microbioreactor was directly placed onto the glass substrates after dipping the

microbioreactor into the partially cured PDMS. Potentially, the partially cured PDMS

would allow the microbioreactor to take the shape of a glass surface. However, this

better fit did not result in better adhesion. Also, in the case that any of the partially cured

PDMS would leech into the surrounding glass surface of the MEA, this would result in a

deteriorated performance of the electrodes due to fouling. Considering the importance

of a reversible bond between PDMS and the glass surface, plasma treatment was not

used, as this creates a covalent bond between the PDMS and glass.

SH-SY5Y cell cultures were successfully differentiated and neuronal outgrowths formed

neuronal networks throughout the 3Dvolumewithin the system for aheight of at least 184

µm (Fig 3.4). Confocal microscopy also revealed that detachment of the microbioreactor

with cell culture from the MEA was not detrimental for the imaging of the neuronal

networks contained in the microbioreactor. Although part of the cell culture that had
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Figure 3.6: Electrophysiological measurements on human iPSC-derived cortical neurons within a

microbioreactor on a MEA. (A-C) Filtered data recordings of spontaneous activity of one electrode for 10

seconds at 7 DIV (A), 14 DIV (B), and 21 DIV (C) of the 3D cell culture, showing the increase in spontaneous

activity of cells. (D-F) Raster plots showing 60 seconds of spontaneous activity for all electrodes of the MEA at

7 DIV (D), 14 DIV (E), and 21 DIV (F) of the 3D neuronal cell culture. The color bar to the right displays the

color associated with high (red) to low (blue) spiking activity rates, showing that over time more electrodes

pick up more spontaneous activity from the cells. Reproduced from Bastiaens et al., Advancing a MEMS-based 3D
neuronal cell culture system © 2018. Open Access publication by Frontiers of Mechanical Engineering under the Creative
Commons Attribution License (CC BY).

adhered to the MEA may not have been detached together with the microbioreactor,

an overview of cells throughout the 3D volume of the cell culture were successfully

imaged. In previous microbioreactor designs, due to the closed top with the dispensing

holes, visibility was limited compared to this improved design, which allows for better

evaluation of the cell culture by optical detection methods during the experiment.

After the experiments, the MEAs can be successfully cleaned as checked by optical

assessment underneath a microscope, allowing for their reusability. Also, both the fully

cured PDMS and the PES material are inert and should not leave chemical residues on

the MEA surface that might not get removed using the cleaning agent. Nevertheless,

electrochemical impedance testing before and after the experiment and after cleaning

could further eliminate doubts to whether the microbioreactor addition to the MEA

negatively affects the performance of the electrodes.

The culture of human iPSC-derived cortical neurons within our MEMS-based 3D cell

culture systemdemonstrates the feasibility of performing electrophysiological recordings

on 3D neuronal cell cultures for at least 21 days. Previous research using self-assembled

glass beads as a 3D scaffold has already shown significant differences in network

dynamics between 2D and 3D neuronal cell culture [25]. Hence, as a next step, we

will expand our experiments with the soft-scaffold microbioreactor using the human

iPSC-derived cortical neurons to investigate 3D neuronal network activity.
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In conclusion, we showed advances made in the design, the fabrication process and

integration of microbioreactors with MEAs. Optical imaging capabilities improved

significantlywith an open top and the culture timewas further extended from 7 to 21DIV

including the successful recording of electrophysiological activity of cortical neuronal

networks cultured in 3D. Cell culture was possible without leakage or degradation, due

to introducing PES as a barrier material and the enhanced assembly procedure. The

latter allowed a sufficiently long-term culture for neurons to mature and to eliminate

fluid flow induced stresses on the cell culture. With these advances in the design of our

3D neuronal cell culture system human-derived 3D neuronal cell networks can now be

performed.
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4 | Validation and optimization of an image
based screening method applied to the study
of neuronal processes on nanogrooves

Research on neuronal differentiation and neuronal network guidance induced through nanotopographical
cues generates large datasets, and therefore the analysis of such data can be aided by automatable, unbiased
image screening tools. To link such tools, we present an image-based screening method to evaluate the
influence of nanogroove pattern dimensions on neuronal differentiation. This new method consists of
combining neuronal feature detection software, here HCA-Vision©, and a Frangi vesselness algorithm to
calculate neurite alignment values and quantify morphological aspects of neurons, which are measured
via neurite length, neuronal polarity, and neurite branching, for differentiated SH-SY5Y cells cultured on
nanogrooved polydimethylsiloxane (PDMS) patterns in the 200 – 2000 nm range. The applicability of this
method is confirmed by our results, which finds that the level of alignment is dependent on nanogroove
dimensions. Furthermore, the screening method reveals that differentiation and alignment are correlated. In
particular, patterns with groove widths > 200 nm and with a low ridge width to pattern period ratio have
a quantifiable influence on alignment, neurite length, and polarity. In summary, the novel combination of
software that forms a base for this statistical analysis method demonstrates good potential for evaluating tissue
microarchitecture, which depends on subtle design variation in substrate topography. Using the screening
method, we obtained automated and sensitive quantified readouts from large datasets.

Based on Validation and optimization of an image based screening method applied to the study of neuronal
processes on nanogrooves, A. Bastiaens, S. Xie, D. Mustafa, J Frimat, J. den Toonder, R. Luttge, Front.
Cell. Neurosc., 12 (415), 2018.
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4.1 Introduction
In recent years, the use of nanotopographical cues has been studied to influence neuronal

differentiation, including the guiding of neuronal outgrowths, which are referred to as

neurites or neuronal processes. Neuronal differentiation is dependent on biochemical

and topographical cues from the extracellular microenvironment, including specifically

the extracellular matrix (ECM). Mimicking specific ECM properties can direct these

neuronal processes and stimulate neuritogenesis and may result in unique tissue

architectures. Since physical cues play a role in linking cells and guiding neurites in

the ECM [1], such design strategies can be applied to implant surfaces and in vitro cell

studies. To date, a range of different nanostructures has been demonstrated to alter the

physical environment and influence neuronal differentiation, polarity, migration, and

neurite orientation. Reviews by Hoffman-Kim et al. [2] and Nguyen et al. [3] can be

referred to for an overview of findings on the use of varying materials, cell types, and

structures at the micro- and nanoscale. Specifically, nanogrooves have been shown to

influence neurite length and/or alignment [4–7], increase the percentage of multipolar

cells with increasing ridge widths [8], and promote differentiation towards the neuronal

lineage in the case of stem cells [9, 10].

Wehave shownpreviously that this knowledge canbe applied tomechanically actuated in
vitro brain models [11], while others have studied nanogrooves for nerve regeneration [8]

and electronic interfacing with neurons [7]. For in vitro brain models, control over

the alignment of neuronal cells through nanotopography can aid in creating directed

neuronal network architecture, which is essential in mimicking the naturally occurring

hierarchical and layered structures of the brain’s architecture reproducibly with high

experimental yield. Nanotopography can therefore be exploited in the construction of in
vitro brain models to direct signal transduction pathways in the neuronal network and

create a simplified version of interconnected regions of the brain with different types of

cells.

In order to apply such an advanced design strategy for in vitro culture of neuronal

networks, it is necessary to analyze the architecture and extent of differentiation of

neuronal cells on these nanostructures. As mentioned above, previous research has

embraced quantitative parameters such as the percentage of differentiated cells, neurite

length, cell polarity, degree of neurite branching, and neurite alignment, which indicate

how nanostructures can influence neuronal processes. The availability of automated

image analysis provides an in-depth set of information on the interdependency of these

parameters; allows time-efficient data handling; and guarantees a robust, standardized

analysis methodology amongst multiple experimenters.

In the present study, we validate and optimize such an automated image-based screening

analysis method that can be applied to quantify the response of differentiation and

neurite alignment of SH-SY5Y cells on different nanogrooved patterns; such a method

has not been performed before. The advantage of using the developed method is the

ability to perform time efficient, unbiased, and automatable image analysis on a large

dataset. Previously, studies used whole image fast Fourier transform (FFT) to determine

the alignment of neuronal outgrowths in neuronal cell cultures [7, 11, 12]. Here, the

Frangi vesselness algorithm, a method that determines local vesselness likelihood for
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structures within an image based on the Hessian and derived eigenvalues for the image,

is applied to neurite-only images and introduced as a newmethod to quantify the degree

of alignment. We validated this new method against neurite-only FFT and manual

alignment measurements for SH-SY5Y cell cultures on nanogrooved patterns, using flat

samples as a control. The vesselness algorithm yielded a linear correlation with a higher

sensitivity than FFT. Therefore, we selected the vesselness algorithm to be combined

with automated image analysis software specialized towards images of neuronal cells,

HCA-Vision
©
, in the method development process. We were particularly interested in

quantitative observations of neurite length, neuronal polarity, neurite branching, and

the correlation of these output variables, which together with the neurite alignment

detail the neuronal response to the generated nanotopographies. Applying our new,

automated method confirms with the other studies mentioned previously, that the

influence of nanogrooved patterns on neurite alignment and neuronal differentiation

properties differs compared to flat controls and in between patterns. The method was

able to find these quantitative results with such a sensitivity that subtle differences

between nanogrooved patterns in the range of 200 – 2000 nm can be observed.

4.2 Material and Methods

4.2.1 Fabrication and preparation of nanogrooved PDMS substrates

Substrates with nanogroove features were fabricated by replication from a cyclic olefin

copolymer (COC;Kunststoff-Zentrum, Leipzig, Germany) template. Resist scaffoldswere

realized by jet and flash imprint lithography (J-FILTM) on silicon substrates as described

by Xie and Luttge [4]. Nanogrooved pattern periodicity ranged from 200 nm to 2000 nm

and ridge width was between 100 nm and 1340 nm in different combinations to produce

27 different patterns in total. All patterns were used in the experiments. Subsequently,

a negative imprint master of COC was made by thermal nanoimprinting at 108°C under

a pressure of 4 MPa on the resist scaffold. After cooling the COC template to room

temperature it was peeled off the resist scaffold. The final nanogrooved substrates were

made by so called soft lithography of polydimethylsiloxane (PDMS; Sylgard 184, Dow

Corning, Wiesbaden, Germany). PDMS elastomer and curing agent were mixed in a 10:1

weight ratio and degassed for 10 minutes using a vacuum chamber prior to spin coating

a 100 µm layer of PDMS onto the COC template and placing the PDMS-covered template

into an oven at 65°C for 4 hours to fully cure the PDMS.

Nanogrooved PDMS (Fig. 4.1A) was peeled off the template. The PDMS substrate

includes a flat piece of PDMS of roughly 1 cm
2
as a control surface. PDMS substrates

were placed in polystyrene Petri dishes and sterilized for 5 minutes using 70% ethanol

(VWR,Amsterdam, theNetherlands), afterwhich the substrateswere placed in an oven at

65°C for 1 hour to ensure that the ethanol evaporated. A fibronectin coating was applied

by dispensing a solution of 20 µg ml
-1

(Sigma Aldrich, Zwĳndrecht, the Netherlands)

diluted in phosphate buffered saline (PBS;Westburg, Leusden, the Netherlands) onto the

PDMS nanogrooves, flat surface, and Petri dish surface prior to seeding cells in the Petri

dish for 30 minutes. Petri dishes with PDMS substrates were used for cell cultures by

aspirating the fibronectin solution and immediately adding cells in medium to the dish.
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Figure 4.1: SH-SY5Ycell culture anddifferentiationonpatternedandflat substrates. (A) Simplified cross section

view for general fabricated nanogrooved patterns in PDMS. Nanogrooves in PDMS consist of a periodically

repeating groove and ridge on the culture surface. For distinction between the nanogrooved patterns, a notation

was used, where D and the subsequent value refer to pattern period and the respective size in nm and L and the

subsequent value refer to the pattern ridge width and the respective size in nm, as is shown in (B-F). (B) Section
of an example image from pattern D750L580 of how samples for each nanogrooved pattern were identified.

For each nanogrooved pattern in each experiment, an image of the pattern name as described in (A) and edge

of the pattern were taken. Nanogroove direction is parallel to the edge seen underneath the pattern notation

and should ideally be along the horizontal axis; however, due to the manual placement of samples underneath

the microscope, slight deviations occur. Therefore, the images with pattern name and border were used as

references to determine the exact orientation of the nanogrooves for each individual pattern by calculating the

border angle in Fĳi software. Brightness and contrast were enhanced for clarification of this example only; no

editing was used for data gathering. Arrows denote pattern edge, and the scale bar represents 400 µm. (C and

D) SH-SY5Y cells were cultured on top of PDMS with a pattern of 450 nm period and 180 nm ridge width (C)
and 500 nm period and 130 nm ridge width (D), and then they were differentiated using 10 µM RA and 50

ng ml-1 BDNF. Cells were stained for F-actin (green), β-Tubulin III (red), and cell nuclei (blue). Double-sided

arrows denote the pattern direction, and the scale bar represents 400µm. (E and F) SH-SY5Y cellswere cultured

on top of a flat PDMS substrate (E) and flat polystyrene substrate (F), and then they were differentiated using

10 µM RA and 50 ng ml-1 BDNF. Cells were stained for F-actin (green), β-Tubulin III (red), and cell nuclei

(blue). The scale bar represents 400 µm.Reproduced from Bastiaens et al., Validation and optimization of an image
based screening method applied to the study of neuronal processes on nanogrooves © 2018. Open Access publication by
Frontiers of Cellular Neuroscience under the Creative Commons Attribution License (CC BY).
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4.2.2 Culturing and differentiation of SH-SY5Y cells

SH-SY5Y cells (Sigma Aldrich), a neuroblastoma cell line, were cultured in T75 flasks

in standard culture medium containing Dulbecco’s Modified Eagle’s Medium (DMEM)

andHam’s F12medium in a 1:1 ratio (VWR), supplemented with 10% fetal bovine serum

(FBS; lot no. 11113, Bovogen, EastKeilor (VIC),Australia) and 1%penicillin/streptomycin

(PS; Westburg) in an incubator at 37°C and 5% CO2. Cells were detached from the T75

flask using trypsin when reaching 70 – 80% confluency. Cells were then seeded at 1500

cells cm-2 at 0 days in vitro (DIV) onto the fibronectin-coated substrates in Petri dishes

in standard culture medium. All cell cultures were seeded with cells at passage 19. As

the PDMS substrate did not cover the complete Petri dish, cells on the fibronectin-coated

Petri dish (polystyrene) surface were used as an additional flat surface control. Cells

were left to adhere to the substrates for 3 hours, after which the medium was replaced

with culture medium supplemented with 10 µM retinoic acid (RA; Sigma Aldrich) for 72

hours to initiate differentiation of the cells and inhibit proliferation [13, 14]. Within the 72

hours, the medium supplemented with RA was refreshed after 36 hours. Subsequently,

at 3 DIV, the medium was replaced with culture medium supplemented with 50 ng

ml
-1
brain-derived neurotrophic factor (BDNF; Sigma Aldrich) for 24 hours to enhance

neuronal differentiation [14, 15]. Cells were stored in standard culture medium until 21

DIV, with medium being refreshed every 48 hours. Cultures were fixed after 21 DIV

by washing the samples twice in PBS and subsequently treating them twice with 3.7%

paraformaldehyde (Merck Millipore, Amsterdam, the Netherlands) for 30 minutes.

4.2.3 Immunofluorescence staining

Immunofluorescence staining was performed on the cells covering the substrates. Anti-

β-Tubulin III (Sigma Aldrich) and anti-mouse IgG Alexa 555 (Thermofisher Scientific,

Bleiswĳk, theNetherlands) were used as primary and secondary antibodies, respectively,

to selectively stain the SH-SY5Y that differentiated into a neuron-like phenotype [16].

Cells were permeabilized for 10 minutes with 0.1% Triton X-100 (Merck Millipore).

Then, they were incubation for 15 minutes in a blocking buffer of 10% horse serum

(HS; Thermofisher Scientific) in PBS, followed by incubation for 1 hour with 1:200

primary antibody and 1% HS in PBS and incubation for 1 hour with 1:200 secondary

antibody in PBS. Additionally, the cytoskeletal protein F-actin in the cells was stained

using 2 drops ml
-1
Actingreen

™
(Thermofisher Scientific) for 30 minutes and cell nuclei

were counterstained with 2 drops ml
-1
NucBlue

™
(Thermofisher Scientific) in PBS for 5

minutes. Samples were rinsed three times for 5 minutes with PBS prior to each described

step.

4.2.4 Image analysis and alignment quantification

Staining of the SH-SY5Y cells was visualized using the EVOS FL
®

Imaging System.

Images of the cell nuclei, F-actin staining, and β-Tubulin III staining were taken with a

10x objective for each pattern, the flat PDMS, and the flat polystyrene surface (Fig. 4.2A).

An additional phase contrast image with a 10x objective was taken for each experiment

of each pattern name and pattern edge to obtain a reference image from which the angle

of the nanogrooves could be obtained (Fig. 4.1B).
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Figure 4.2: Image processing and analysis. Schematic for the screening process where (A) images obtained

from neuronal cell cultures on different substrates are processed to deduce variables detailing neuronal culture

properties. See Section 4.2 for full details. (B) Image processing was conducted using neuronal cell feature

detection in the HCA-Vision
©

software, which detects cell bodies and neurites and links neurites to the

corresponding cell bodies. (C) The alignment of neurites independent of cell bodies was computed using

a Frangi vesselness algorithm in MATLAB. Alignment of neurites was considered when the detected angle

relative to the angle of the underlying pattern was < 30°. Variables obtained from this combined analysis in

(B) and (C) were number of cells, number of cells with neurites, number of neurites, neurite branching level,

neurites per cell distribution, neurite length, and neurite alignment. (D) Variables were then analyzed for

statistically significant differences between substrates and for correlation between variables. Reproduced from
Bastiaens et al., Validation and optimization of an image based screening method applied to the study of neuronal processes
on nanogrooves © 2018. Open Access publication by Frontiers of Cellular Neuroscience under the Creative Commons
Attribution License (CC BY).

HCA-Vision
©
was used as a tool for quantitative analysis of images because this software

specifically aims at automated analysis of neuronal cell images without requiring

additional scripting [17, 18] (Fig. 4.2B). Prior to running a batch analysis, the parameter

settings for feature recognitionwere tuned bymeans of two individual images. An image

was first loaded into the software, after which the user interface presented a wizard to

tune a set of parameters (Suppl. Table 4.1) that allow for the automated and sequential

detection and analysis of neuronal cell bodies, neurites, and neurite coupling to neurons.

The second image was used to test the parameter set, and the entire batch of images was

subsequently analyzed for each experiment. This resulted in a table with measurements

taken from all the images on cell bodies and neurites. For our purposes, using this

method, we determined the total number of cells, the number of cells with neurites, the

number of neurites, the neurite length, and the number of neurites and branches per cell

in an image.

Orientation of detected neurites for each image (Fig. 4.2C) was calculated using a
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custom algorithm, whichwas kindly supplied by Biomedical Engineering and developed

by Stefan Mariën at the Eindhoven University of Technology; this algorithm is based

on the Frangi vesselness filter [19]. Algorithms based on the Frangi vesselness filter

have previously been used to measure collagen fiber orientation [20, 21], and scripts

are available based on medical image improvement filters such as with 2D and 3D

angiographic images [22, 23]. In brief, the Frangi vesselness filter uses the Hessian,

which is a matrix of second-order partial derivatives, of a Gaussian kernel convoluted

with apresented image to calculate eigenvalues and thereby locally determines vesselness

likelihood. The algorithm requires parameter input in MATLAB (Suppl. Table 4.2)
along with its Image Processing toolbox. For each image, we detected neuron bodies

and neurites, and subsequently bodies and background were subtracted from the image.

In this way, only the neurites are taken into account to calculate orientation. More

specifically, neurite orientation is derived from the calculated vesselness likelihood of the

neurites-only image for each individual pixel belonging to a neurite whose likelihood

surpasses the threshold parameter (Suppl. Table 4.2), which allows for the calculation

of the local alignment of neurites. Alignment of neurites to the underlying pattern

was considered when the neurite alignment values were within the ± 30° range of the

direction of the pattern, as measured from the reference images. In these reference

images (Fig. 4.1B), nanogroove direction is parallel to the edge seen underneath the

pattern notation and should ideally be along the horizontal axis; however, due to manual

placement of samples underneath the microscope, slight deviations occur. The direction

of the nanogrooved pattern in the reference image of each pattern was obtained by

calculating the angle in Fĳi [24]. For the flat PDMS and polystyrene surfaces, no actual

alignment of neurites to an underlying pattern takes place. However, the assumed

isotropic distribution of neurites on such flat substrates can be predetermined. We

can calculate the directionality of neurites for the formed neuronal processes on flat

control samples yielding an alignment value close to 33.3%. For calculation purposes, an

arbitrary angle of 0° is chosen as the orientation of the underlying pattern for these flat

substrates.

An alternative means of validation to the Frangi vesselness algorithm is the alignment

of structures in the images, which is also calculated by FFT using the Directionality tool

in Fĳi (Suppl. Table 4.3). This tool applies Fourier spectrum analysis and computes

a histogram indicating the direction for structures in an image. Additional validation

of the Frangi vesselness algorithm was performed by comparison with both FFT and

manual neurite measurements on a randomly selected subset of images (n = 3) for three

substrate types: high alignment of > 75%, intermediate alignment in the range of 60% to

75%, and flat PDMS substrates as a control. Manual measurement of the neurites was

performed in Fĳi on neurite-only images by drawing a straight line from the start to the

end of a neurite and calculating whether the angle of this line would be within the ± 30°
range of the direction of the underlying nanogrooved pattern. For the flat PDMS, the

pattern angle was again assumed to be 0°.

4.2.5 Statistical analysis

Statistical analysis was performed on the data derived from the image-based screening

method (Fig. 4.2D), where cell culture experiments were conducted in duplicate and

repeated for five independent cell culture batches. Data were tested for normality using
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Lilliefors normality test, which is a correction on the Kolmogorov-Smirnov normality

test that does not require a known population mean or standard deviation. Based on

the results of the normality test, data were considered to not be normally distributed.

The data shown are medians with interquartile range (IQR) unless stated otherwise.

Statistically significant differences between the substrates for neurite alignment as well

as neurite length were tested by the non-parametric Kruskal-Wallis test with post hoc
Dunn’smultiple comparison test. The Kruskal-Wallis test allows for comparison between

multiple independent groups that are not normally distributed. The post hoc Dunn’s

test identifies the pairs of groups in which stochastic dominance occurs. Statistical

significance was considered when p < 0.05. The non-parametric Spearman’s correlation

test was used between output variables to test for correlation. Statistical significance was

considered when P < 0.01.

4.3 Results

4.3.1 SH-SY5Y cell culture on nanogrooves

In order to validate the use of automated image analysis in high-content screening of

neuronal processes, cells from the SH-SY5Y neuroblastoma cell line were seeded and

differentiated on 27 patterns of nanogrooved PDMS with varying pattern period and

ridge width (Fig. 4.1A,B). For distinction between the nanogrooved patterns, a notation

was used where the letter D and the value following it refer to pattern period and its

size in nm and the letter L and the value following it refer to the pattern ridge width

and its size in nm. As an example, D450L180 refers to nanogrooves with a pattern

period of 450 nm and a ridge width of 180 nm. Flat PDMS and flat tissue culture plate

polystyrene substrateswere used as controls. All experiments showed that SH-SY5Y cells

proliferated and differentiated on the tested fibronectin-coated substrates, confirming the

material’s biocompatibility and the use of an effective culturing protocol. Culture of SH-

SY5Y cells was performed for a total of 21 days, including differentiation according to

the culture and differentiation protocol. Cells were then fixed and stained for F-actin,

β-Tubulin III and, cell nuclei. Epi-fluorescence images of the culture results qualitatively

showed cells having neuronal morphology, wherein cells had developed neurites, that

extend beyond the cell body length and that are essential to the formation of a neuronal

network. Both cell bodies and neurites on nanogrooved PDMS preferred to align to the

underlying pattern characterized by an oval shape of the cell body and neurite formation

in the direction of the nanogrooves (Fig. 4.1C,D). Flat substrates acting as controls

showed no specific signs of orientation as cell bodies were less oval-shaped compared to

patterned substrates and neurites formed in random directions (Fig. 4.1E,F). Generally,

flat polystyrene control samples showed noticeably larger cell bodies and less neurites

compared to the results of all other groups of the experiment. These results confirm that

SH-SY5Y cells sense the nanoscale surface features, which has also been seen in other

studies [12, 25]. Therefore, SH-SY5Y cells are a suitable choice for quantifying parameters

related to neuronal processes via image-based screening tools. While it was previously

observed that polyethylenimine (PEI) coated nanogrooved PDMS substrates allow for

such guidance effects in more complex primary cortical cells harvested from newborn

rats [26], we have confirmed the ability to use the SH-SY5Y cell line as a neuronal model

cell for the study of the influence of nanotopographical cues on the cell differentiation

58



4

phenomena. The latter is linked to cellular mechanotransduction processes whereby

it is also confirmed that nanogrooved, fibronectin coated PDMS acts as a functional

biomimetic substrate.

4.3.2 Applicability of selected image processing and analysis

To evaluate the effects on the morphological aspects of SH-SY5Y cell differentiation, 27

different nanogrooved substrates were screened against two types of flat surfaces. From

the large dataset, multiple parameters had to be analyzed in an unbiased, automated

manner. Whole image computational analysis methods such as the Frangi vesselness

algorithm [19] or a FFT directionality algorithm provide information with respect to

orientation for all structures seen in an image. However, collecting data processed on

a cell-by-cell basis allows for analysis of the neurite orientation separately from the cell

body orientation aswell as simultaneous determination ofmore distinct properties of SH-

SY5Y differentiation, namely neurite length, number of differentiated cells from the total

population, number of neurites per cell, andneurite branching. Therefore, we established

a method to handle a large number of high-content images by using a combination of

commercially available and free software to perform this type of study (Fig. 4.2).

Ourmethod consisted of the following steps. First, images of the different substrates (Fig.
4.2A) were acquired by epifluorescent imaging using an EVOSmicroscope for each of the

culture experiments. In the second step, central to the proposedmethod, collected images

were batch processed for the detection of cell bodies and their respective neurites; this

was performed using the neuronal cell feature detection of the commercially available

HCA-Vision
©
software (Fig. 4.2B). Subsequently, the level of alignment of neurites to

the underlying pattern was computed using the detected neurite segments, analyzing

the direction of these segments in a Frangi vesselness algorithm and quantifying the

percentage that fell within a ± 30° range of the pattern direction (Fig. 4.2C). The pattern
direction was determined from a reference image of each pattern (Fig. 4.1B). Prior to
running the batch process for the detection of the cell bodies and their neurites and

the algorithm for computing the alignment level, parameters for both processes were

optimized by the individual analysis of 2 images from each experiment (Suppl. Tables
4.1 and 4.2). Finally, output parameters (Fig. 4.2D) were analyzed and evaluated for

statistically significant differences and correlations with respect to the effect that the

nanogrooves had on SH-SY5Y differentiation and alignment values.

Alignment calculated via the Frangi vesselness algorithm was compared against the

FFT directionality tool in Fĳi (Suppl. Table 4.3). When comparing both methods on

whole images, an overall linear trend was shown, where the calculated Spearman’s

non-parametric correlation, a measure of statistical dependency between two variables

described through a monotonic function, was r = 0.83 at P < 0.0001 with the alignment

results being 8.2 ± 5.8% higher for the vesselness algorithm (Fig. 4.3A). When comparing

both methods on neurite-only images derived from neuronal cell feature detection, an

overall linear trend was shown, where the Spearman’s non-parametric correlation was r
= 0.91 at P < 0.0001 with the alignment results being 5.8 ± 5.4% higher for the vesselness

algorithm (Fig. 4.3B). Frangi vesselness for neurite-only images derived from neuronal

cell feature detection were compared against Frangi vesselness for whole images, which

showed an overall linear trend with a Spearman’s non-parametric correlation of r = 0.87
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at P < 0.0001 with the alignment results 6.7 ± 6.4% higher for the neurite-only images

(Fig. 4.3C). Lastly, Frangi vesselness for neurite-only images derived from neuronal cell

feature detection were compared against FFT for whole images, which showed an overall

linear trend with a Spearman’s non-parametric correlation of r = 0.80 at P < 0.0001 with

the alignment results 15.7 ± 12.0% higher for the neurite-only images (Fig. 4.3D). These

values confirm that the vesselness algorithm will give equivalent results, but they are

more sensitive to alignment calculation via FFT, which was used by other authors [7, 12].

Figure 4.3: Comparison between Frangi vesselness, FFT, and manual neurite assessment. (A) Scatter plot

showing the comparison between calculating alignment of neuronal cell culture to the underlying nanogrooved

patternbymeansof FFTandFrangi vesselness. Spearman’s nonparametric correlation coefficientwas calculated

using a two-tailed P value and 99% confidence interval, resulting in r = 0.83 with P < 0.0001. (B) Scatter plot
showing the comparison between calculating alignment of neurites to the underlying nanogrooved pattern by

means of FFT and Frangi vesselness applied to a neurite-only image, resulting in r = 0.91 with P < 0.0001. (C)
Scatter plot showing the comparison between calculating alignment of neurites to the underlying nanogrooved

pattern bymeans of Frangi vesselness applied to awhole image versus applied to a neurite-only image, resulting

in r = 0.87 with P < 0.0001. (D) Scatter plot showing the comparison between calculating alignment of neurites

to the underlying nanogrooved pattern by means of FFT applied to a whole image versus Frangi vesselness

applied to a neurite-only image, resulting in r = 0.80 with P < 0.0001. The legend in (C) shows markers for

data of each experiment for plots (A-D). (E) Comparison of neurite alignment as measured through Frangi

vesselness, FFT, andmanual neurite assessment. The comparison ismade for n = 3 samples of patternD600L180

for high alignment, pattern D1000L500 for intermediate alignment, and the flat PDMS substrate as a control.

Box plots show median with interquartile range and whiskers, with whiskers and median being the values

found for neurite alignment for each of the different measurements on the three substrate types.Reproduced from
Bastiaens et al., Validation and optimization of an image based screening method applied to the study of neuronal processes
on nanogrooves © 2018. Open Access publication by Frontiers of Cellular Neuroscience under the Creative Commons
Attribution License (CC BY).

Neurite alignment calculated via the Frangi vesselness algorithm was also compared

against both FFT andmanualmeasurements for a randomly selected subset of the images

(n = 3) for three different substrates: D600L180, D1000L500, and flat PDMS (Fig. 4.3E).
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For D600L180, both Frangi and FFT showed a median alignment of > 75%. Manually

measuring the neurite alignment resulted in a median of 85.0%. For D1000L500, Frangi

showed amedian of 64.6% alignment and FFT amedian of 59.6% alignment. Themanual

measurement resulted in a median alignment of 76.6%. Lastly, for the flat PDMS control

substrate median neurite alignments of 32.8% for Frangi, 34.1% for FFT, and 41.7% for

manual measurement were determined.

To summarize, quantitative data analysis on parameters detailing cell and neurite

properties by both a neurite-only and awhole image approachwere obtained using three

different methods. To demonstrate the validity of the proposed combination of neuronal

cell feature detection and vesselness algorithm for describing the properties of neuronal

processes on nanogrooves, results from experiments with differentiated SH-SY5Y cells

were statistically analyzed as described in the following subsections.

4.3.3 Nanogrooved patterns direct neurite alignment

Previous studies showed that nanogrooves facilitate the alignment of neuronal

outgrowths [4–7]. A suitable analysis method must be selected for harvesting

results of cellular responses. To validate our image-based screening method in

such pattern optimization studies, the method should be capable of detecting subtle

differences in neuronal response topatterndimensionswithin theperformedexperiment.

Additionally, the method must be able to detect specific interactions between the

outgrowth and the underlying pattern.

As indicated in Section 4.3.2, alignment of neurites to the nanogrooves is considered

when neurite outgrowths have a direction that iswithin the± 30° range of the nanogroove
direction as measured from a reference image. By means of this cut-off definition for

alignment, the calculation of neurite alignment values for flat control substrates results

in some level of directionality yielding 33.3% on average. The medians for the flat PDMS

and flat polystyrene substrates are 30.7% with an IQR of 27.2% to 34.3% and 32.2%

with IQR of 17.7% to 73.0%, respectively (Fig. 4.4C). These results show that indeed

the flat substrates do not guide neurites. Cells in the images taken from flat PDMS

show a slightly greater variation with respect to this definition of alignment values,

compared to very stiff flat polystyrene. However, flat PDMS will serve as a better

control against nanogrooved PDMS given that the fundamental material properties

are the same for these substrates. Patterns that showed a percentage of alignment

> 85% are D1000L230, D1000L780, D500L130, D600L130, D600L180, D600L230, and

D800L580. The majority of other patterns had alignment percentages between 50% and

85%. However, patterns D200L100, D500L380, D400L280, and D600L480 had alignment

scores below 50%. Statistically significant differences at p < 0.05were found for alignment

on D1000L230, D600L230, and D600L180 with respect to the flat polystyrene substrate,

for D600L130 with respect to D600L480 and at p < 0.01 for D600L130 with respect to the

flat polystyrene substrate.

When looking at the distinct effect of a specific nanogrooved pattern on alignment, it can

be observed that several types of patterns with periods in the range of 400 nm to 600 nm

and 1000 nm show relatively high alignment values compared to other pattern periods.

Hence, the patterns with a statistically significant difference for neurite alignment values
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Figure 4.4: Nanogrooved patterns affect neurite alignment but not neurite length. (A) Scatter plot showing the

percentage of alignment depending on the groove width of the nanogrooved patterns. (B) Scatter plot showing

how alignment of neurites is affected by the ratio of pattern ridgewidth to pattern period size. The legend in (A)

shows markers for data of each experiment for plots (A-B). (C) The percentage of neurites from differentiated

SH-SY5Y cells aligned to the underlying nanogrooved PDMS substrate or flat substrate (indicated underneath

D) in an image as analyzedbyneuronal cell featuredetection inHCA-Vision
©
combinedwith aFrangi vesselness

algorithm in MATLAB. At isotropic distribution of neurites, alignment will be 33%. Data points shown are

alignment percentages per substrate type from n = 5 experiments. Bars indicate median ± interquartile range

(IQR). Statistically significant differences weremeasured using the Kruskal-Wallis nonparametric test with post

hoc Dunn’s multiple comparison test at a significance level of 0.05. * represents P < 0.05 and ** represents P
< 0.01. (D) The neurite length for neurites of differentiated SH-SY5Y cells per substrate type. Data points

shown are mean neurite lengths per substrate type from n = 5 experiments. Bars indicate median ± IQR.

Statistically significant differences were not found using the Kruskal-Wallis nonparametric test with post hoc

Dunn’s multiple comparison test at a significance level of 0.05. Reproduced from Bastiaens et al., Validation and
optimization of an image based screening method applied to the study of neuronal processes on nanogrooves © 2018. Open
Access publication by Frontiers of Cellular Neuroscience under the Creative Commons Attribution License (CC BY).
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compared to the flat polystyrene substrate are part of this range of patterns. However,

it is remarkable that some of the nanogrooved patterns belonging to this range show

the poorest alignment results, namely patterns D400L280, D500L380, D600L430, and

D600L480. With regard to pattern ridgewidth, alignment seems to be consistently higher

and with a low dispersion for ridge widths in the range of 130 nm to 230 nm compared

to other values of the ridge width. On the other hand, for most patterns, neither pattern

period nor ridge width seem to dominate the resulting strength of neurite alignment.

These observations are put in perspective when the groove width is plotted against

the alignment results (Fig. 4.4A). Here, the width of the groove is determined by the

dimensions of the pattern periodminus the ridge width. Further, the ratio between ridge

width and pattern period calculated as L⁄D against the alignment results are plotted in

Figure 4.4B. For groove widths 6 220 nm, the alignment of neurites is both lower and

more dispersed. Inversely, thismeans for ridgewidths that are relatively small compared

to the pattern period, the neurite alignment is consistently high. When the ridge width

becomes relatively large compared to the pattern period, resulting in a high ridge width

to period ratio, neurite alignment varies greatly from either relatively strong alignment

> 80% to no specific alignment ≈ 33%. However, particularly for the patterns where the

ratio is < 0.3, the strength of alignment does not drop below 60%. These quantitative

findings reinforce the suggestion made previously that ridge width to period ratio is an

indicator of the capacity of a pattern to align neuronal cells [4, 7].

4.3.4 Effectiveness of method on quantifying neuronal differentiation

Neurite length

The median neurite length (Fig. 4.4D) for all patterns studied was within the 33.5 –

60.6 µm range, showing similar lengths compared to those found in the literature [13].

The longest neurites were observed for pattern D600L230. The shortest neurites were

observed for the flat polystyrene substrates. No statistically significant differences were

foundwhen comparing the 27different patterns and controls for neurite length. However,

correlating the neurite lengths for each pattern with the pattern properties revealed that

neurite length tends to decreasewhen the ratio of ridgewidth to pattern period increases,

as Spearman’s nonparametric correlation coefficient was found to be r = -0.337 with P <

0.0001.

Neuronal polarity

The number of neurites per cell is an indicator of differentiation with regard to neuronal

polarity. Neuronal polarization refers to the anisotropic distribution of neuronal

cytoskeletal components to create neurites that upon further differentiation will result

in axons and dendrites. Cells develop either 1, 2 or more neurites, which indicates

a resemblance with unipolar, bipolar, and multipolar neuronal cells, respectively. If

nanogrooves have an influence on neuronal polarity, a shift in the ratio of the polarity

of cells will be recorded. The ratio of bipolar (B) to unipolar cells (U), identified by the

image screening method and calculated as B⁄U, showed median values that are within

the range 0.11 to 0.33 for all substrates (Fig. 4.5A). Patterns with cell type ratio > 0.3 were

D1000L230, D1000L500, D600L230, and D750L180. The other patterns were within the

range 0.15 to 0.3 with the exception of patterns D300L180, D400L280, D500L380, and flat
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polystyrene substrate, which show an even lower ratio of between 0 and 0.15. Although

the median values of the ratios changed between substrates, the IQRs largely overlapped

and no statistically significant differences were found. Still, it is shown that the ratio of

bipolar to unipolar cells tends to decrease when the ratio of ridge width to pattern period

increases, as Spearman’s nonparametric correlation coefficient was found to be r = -0.290

with P < 0.001.

Figure 4.5: Ratio between detected types of neuronal polarity. To detect potential shifts between neuronal

polarity types for the differentiated SH-SY5Y cells due to the underlying nanotopography, the ratio between

cells of different polarities is displayed. Cells with 1 neurite, 2 neurites, and > 2 neurites are indicative of

unipolar, bipolar, and multipolar neuronal cells, respectively. (A) Ratio of multipolar to unipolar cells per

substrate type (as indicated underneath B). (B) Ratio of bipolar to unipolar cells per substrate type. For both A
and B, data points shown are ratios per substrate from n = 5 experiments. Bars indicate median ± interquartile

range. Statistically significant differences were not found using the Kruskal-Wallis nonparametric test with

post hoc Dunn’s multiple comparison test at 0.05 significance level. Reproduced from Bastiaens et al., Validation
and optimization of an image based screening method applied to the study of neuronal processes on nanogrooves © 2018.
Open Access publication by Frontiers of Cellular Neuroscience under the Creative Commons Attribution License (CC
BY).

The ratio of multipolar (M) to unipolar cells, calculated as M⁄U, showed median values

within the range 0 to 0.074 for all substrates (Fig. 4.5B). Patterns with this cell type

ratio > 0.05 were D1000L230, D400L130, D450L180, D600L380, D600L430, D800L230,

and D800L580 and may demonstrate some tendency to shift in cell polarity compared

to most other patterns that are within the range 0.01 to 0.05, with the exception of

patterns D1000L780 and D400L280, which both had a median value of 0. Similar to the

bipolar to unipolar cell ratio, the median values of the multipolar to unipolar cell ratio

changed between substrates, but IQRs largely overlapped and no statistically significant

differences were found. Calculating the correlation of the ratio of multipolar to unipolar

cells and pattern properties showed that the ratio of multipolar to unipolar cells tends

to decrease when the ratio of ridge width to pattern period increases, as Spearman’s

nonparametric correlation coefficient was found to be r = -0.241 with P < 0.01. Overall,
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most differentiated cells were identified as unipolar, with bipolar and multipolar cells

having far smaller populations.

Figure 4.6: Fraction of cells with branching neurites per detected type of neuronal polarity. To detect potential

enhanced differentiation of SH-SY5Y cells due to the underlying nanotopography, the fraction of branching

neurites per neuronal polarity type is displayed. Cells with 1 neurite, 2 neurites, and > 2 neurites are indicative

of unipolar, bipolar, and multipolar neuronal cells, respectively. (A) Fraction of branched neurites for unipolar

cells per substrate type (as indicated underneath C). (B) Fraction of branched neurites for bipolar cells per

substrate type (as indicated underneath C). (C) Fraction of branched neurites for multipolar cells per substrate

type. For (A–C), data points shown are fractions per substrate type from n = 5 experiments. Bars indicate

median ± interquartile range. Statistically significant differences were not found using the Kruskal-Wallis

nonparametric test with post hoc Dunn’s multiple comparison test at 0.05 significance level. Reproduced from
Bastiaens et al., Validation and optimization of an image based screening method applied to the study of neuronal processes
on nanogrooves © 2018. Open Access publication by Frontiers of Cellular Neuroscience under the Creative Commons
Attribution License (CC BY).

Neurite branching

Branching of neurites is another parameter that details differentiation of neuronal cells

because this is important for creating connections between cells in the neuronal network.

To see whether nanogrooves had an impact on branching of neurites in our experiment,

the number of differentiated cells with branching neurites was compared to the total

number of differentiated cells per polarity type. For 14 of the 27 patterns and controls,

the median fraction of cells with branched neurites for unipolar cells was within the
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range 0.011 to 0.019 (Fig. 4.6A). The median fraction of cells with branched neurites for

bipolar cells was within the range 0.050 to 0.10 for 7 of the 29 substrates (Fig. 4.6B). The
median fraction of cells with branched neurites for multipolar cells was 0.042 for pattern

D400L200 and 0.13 for D450L280 (Fig. 4.6C). For all other patterns, the experiments

showednobranching of neurites regardless of polarity. Overall, no statistically significant

differenceswith respect to branching and polarity nor statistically significant correlations

for branching with respect to pattern properties were found for SH-SY5Y cells between

the substrates.

Interplay between neurite alignment and neuronal differentiation

The image screening method computes multiple variables to detail the morphological

properties of SH-SY5Y cells after differentiation into neurons. Additionally, the data

analysis also provides relations between the different input and output variables.

Previous subsections have demonstrated that the extent of alignment can differ between

nanogrooved substrates, such as pattern D500L130 with > 85% alignment and pattern

D500L380 with < 50% alignment. This suggests that the ratio of ridge width to pattern

period is a driving factor behind the ability of a pattern to align [4, 7]. The ratio

may also increase differentiation as specified by neurite length, polarity types, and

branching level. Although the findings amongst these parameters and the strength

of alignment in our study are not statistically significant using the Kruskal-Wallis test, it

is still possible to find correlation for these output variables with respect to the chosen

substrates and their strength of inducing alignment. The latter is also useful to consider

when comparing experimental results or determining outliers. Hence, Spearman’s

nonparametric correlation coefficient r was calculated to study the interplay between

alignment and differentiation as considered by cells that formed at least one neurite. For

each image, the data of alignment were first compared to themean neurite length for that

image (Fig. 4.7A). For this correlation, r = 0.746 with P < 0.01 was found. Subsequently,

for each image, the ratio of differentiated SH-SY5Y cells over all SH-SY5Y cells was also

compared to the mean neurite length for that image (Fig. 4.7B). Here, r = 0.814 with P <

0.01 was found. The correlation for the ratio of differentiated SH-SY5Y cells that formed

at least one neurite over all SH-SY5Y cells versus neurite alignment was calculated (Fig.
4.7C). For this correlation, r = 0.731 with P < 0.01 was found.

4.4 Discussion and Conclusion
Our new method, which combined neuronal cell feature detection and the Frangi

vesselness algorithm for the quantification of nanotopographical influence on neuronal

differentiation and alignment, was presented here as an effective and sensitive way

to perform automated data analysis on a large dataset. Relevant parameters, namely

neurite alignment, percentage of differentiated cells, neurite length, cell polarity, and

neurite branching level, were monitored efficiently, and this method ensures that the

analysis is minimally biased by the experimenter or the outcome found only within

a specific experimental batch. The capability to compare large datasets collected

from the images in this screening method allows for quantitative gathering of high-

content information with statistical relevance on the basis of differences and relations

among pattern properties, alignment, and differentiation output parameters. Studies

on neuronal network architecture, mechanotransduction, and neuritogenesis can benefit
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Figure 4.7: Relation between neurite alignment, neuronal differentiation, and nanogrooves. To study whether

neurite alignment and differentiation of the SH-SY5Y cells on nanogrooved patterns correlate and whether the

pattern structure had an influence on these properties, scatterplots were used to visualize the relation between

these parameters. (A–C) Data for which Spearman’s nonparametric correlation coefficients were calculated

using a two-tailed P value and 99% confidence interval. For all cases shown, P < 0.01 holds true, where graphs

are neurite length versus alignmentwith correlation coefficient r= 0.746 (A), neurite length versus differentiated

cells in total population with r = 0.814 (B), and alignment versus differentiated cells in total population with r =
0.731 (C). The legend showsmarkers for data of each experiment for plots (A-C). Reproduced from Bastiaens et al.,
Validation and optimization of an image based screening method applied to the study of neuronal processes on nanogrooves
© 2018. Open Access publication by Frontiers of Cellular Neuroscience under the Creative Commons Attribution License
(CC BY).

from such a robust, user-independent, automatedmethod of image analysis that conveys

information based on individual cells and their respective neurites.

The feasibility of the screening method was confirmed using chemically differentiated

SH-SY5Y cells as a neuronalmodel cell on a range of nanogrooved substrates. We already

expected that the differentiated SH-SY5Y cell responds to nanogrooves, showing that the

cytoskeleton is affected by the anisotropic guidance cues by aligning its cell body and

its neurites to the direction of the nanogrooves [12]. However, thanks to the combined

use of neuronal cell feature detection and the vesselness algorithm, we showed here that

alignment of neurites to nanogrooved patterns is not always of a high degree and can

vary when pattern periods are similar but pattern ridge widths are varied, as is clearly

the case in the substrates with a pattern period of 600 nm (Fig. 4.4C). Considering the

differences in alignment between pattern ridge widths for the same pattern period, two

distinctive trends become visible (Fig. 4.4A,B). Using patterns that have groove widths

6 220 nm results in unreliable alignment as alignment values show large spread from

high to low alignment. The ratio of pattern ridge width to pattern period reveals that at

lower values of this ratio, with limited influence of the actual pattern period, alignment

will reliably increase. Consequently, the finding that a groove width lower than 220 nm

provide a lesser degree of alignment suggests that the cells see the substrate surface as

virtually flat. Hence, this observation also allows us to formulate the hypothesis that

the receptor proteins involved in neurite mechanotransduction are too large to descend

into grooves smaller than 220 nm, which may be an important cut-off value to trigger the

extension of the growth cone into a different orientation instead of following the groove

direction. The latter may be of importance when considering rational design choices for

subsequent studies wherein specific differences in neuronal properties resulting from

different nanotopographies can be used to drive the neuronal network configuration of
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a specific cell line.

More specifically, the introduced screeningmethod calculates alignment values based on

neurites alone, which is made feasible through the cell body and neurite detection mode

given by the HCA-Vision
©
software. It is important to note that alternative software

capable of performing such neuronal cell feature detection is available. Alternatives

include ImageJ and its distribution package Fĳi and also CellProfiler and MATLAB. The

use of these software would require additional scripting knowledge for an automated

implementation to detect the features found using HCA-Vision
©
.

Whole image analysis with directionality algorithms uses all visible features within

an image to compute the directionality of features. However, this does not reveal the

guidance effect of nanogrooves on the cell body and neurites separately. We show

highly linear correlation between the Frangi vesselness algorithm and FFT when used

in calculating alignment for either whole images or neurite-only images (Fig. 4.3A,B).
Correlation between the methods remains high for Frangi vesselness on neurites versus

Frangi vesselness on whole images (Fig. 4.3C) and Frangi vesselness on neurites-only

versus FFT on whole images (Fig. 4.3D). This shows that both methods are similar

in their findings. However, higher alignment values can generally be found for the

Frangi vesselness algorithm. When comparing the Frangi and FFT results with manual

measurement for the selected samples that display > 75% alignment, < 75% alignment,

and no alignment, the results for both algorithms are in agreement with the manual

measurements. The manual method only takes the beginning and end point of a neurite

into account. The algorithms both calculate neurite alignment across the whole path of

the neurite from the cell body to its end point. Therefore, alignment tends to be slightly

lower but more realistic when using the algorithms. Our observations highlight the

usefulness of the Frangi vesselness algorithm, yielding representative neurite alignment

measurements to the underlying nanogrooves. Additionally, algorithms are less labor

intensive compared to manual measurements for large datasets.

An important consideration in the use of this method is cell seeding density, as high

cell density within images affects cell detection using the software due to overlapping

features, which in turn also has an impact on the detection of the cell types and neurites.

The cell seeding density at the start of an experiment as well as the duration of the

experiment are therefore important conditions to consider in any future designs of

experiments due to the limitations they can impose in analysis.

Analysis of neurite length, neuronal polarity, and neurite branching show no statistically

significant differences between the nanogrooved patterns. This rejects the hypothesis

that differentiation of neuronal cells is significantly influenced by nanogrooved patterns

compared to flat substrates. Nevertheless, some interesting trends are observed due

to our method through the correlations that several parameters have with each other.

These correlations were not observed in previously used qualitative methods. When

considering either neurite length or cell polarity with respect to the ridge to period

ratio, there is a correlation, but the strength of this is weak at r < 0.5. When looking at

all samples regardless of pattern properties, the alignment, percentage of differentiated

cells, and neurite length correlate. The latter suggests that, regardless of the selected

nanogrooves, some level of alignment is achieved, the number of differentiated cells from
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the total population increases, and the nanogrooves will stimulate growth of neurites.

These correlations highlight that this method of analysis is sensitive enough to reveal

such information and that it is likely that follow-up experiments will reveal similar or

even more distinct trends.

In summary, our results show that our proposed image-based screening method has

the capability to quantify the degree of differentiation and the degree of alignment for

SH-SY5Y cells on nanogrooved versus flat substrates in an automated fashion. Results

confirm that the physical cues given by nanogrooves guide neurites as stated in other

studies and that our method of analysis can quantify this guidance effect at sufficient

sensitivity to measure differences between nanogrooved patterns. In particular, our

method also shows quantitative results that reinforce previous suggestions that for

nanogrooved patterns in the range of 200 – 2000 nm, a lower ridge to period ratio

will consistently show an increase in alignment compared to patterns with higher

ridge to period ratios. Although no statistically significant differences were found

between the substrates with regard to neurite length, neuronal polarity, and neurite

branching, our method is capable of detecting and quantifying these parameters and

statistically significant correlation of neurite length, cell culture differentiation, and

neurite alignment can be computed and confirm that nanogrooved patterns do influence

neuronal differentiation. Hence, the proposed screening method clearly aids in the

analysis and selection of substrate design for the bottom-up engineering of tissue

microarchitecture in vitro.

69



4

Supplementary materials

Supplementary Table 4.1. Parameter settings for HCA-Vision© image analysis
of immunofluorescence images of SH-SY5Y cells on nanogrooves

Step in wizard configuration Parameter value

Neuron Body Detection Wizard
Select an Input Channel 1

Smoothing (Gaussian Filtering) 6

Background Correction (Morphological Top Hat) 0

Suppression of Neurites (Morphological Opening) 6

Intensity Thresholding 0.25

Nucleus Channel

Nucleus Image Available Check box

Nucleus Channel 2

Nucleus Thresholding Sensitivity 0.45

Nucleus Area Threshold 40

Maximum Nucleus Size 50

Declump Check box

Nucleus Selection

Intensity Threshold 0

Channel 0

Low Intensity Threshold 0

High Intensity Threshold 255

Channel 0

Object Selection

Border Width 2

Minimum Neuron Body Area 0

Optional Measurements

Additional Intensity Channel Available Check box

Intensity Channel 0

Calculate Cytoplasm Intensity Check box

Calculate Nucleus Intensity Check box

Calculate Membrane Intensity Check box

Neurite Detection Wizard
Select An Input Channel 0

Preprocessing (Gaussian Smoothing) 4

Linear Feature Detection

Linear Window Size 17

Contrast 5

Remove Small Objects 10

Gap Closing

Distance 9

Quality 50

Neurite Analysis
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Debarb Small Neurite Branches 16

Thicken Neuron Bodies 1

Remove Small Trees 4

Supplementary Table 4.2. Parameter settings for FOAtool for image analysis
of SH-SY5Y neurite orientation on nanogrooves

Step in algorithm configuration Parameter value

Channel selection G (for green image channel)

Parameters

Scales [1,2,3]

Vesselness threshold 0.9

Export Check boxes for all results

Supplementary Table 4.3. Parameter settings for Directionality tool in Fĳi for
image analysis of SH-SY5Y cell orientation on nanogrooves

Step in algorithm configuration Parameter value

Method Fourier components

Nbins 180

Histogram start 0

Build orientation map Uncheck box

Display color wheel Uncheck box

Display table Check box

Debug Uncheck box
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5 | Investigating the interplay of lateral and
height dimensions influencing neuronal
processes on nanogrooves

In this chapter, we investigate nanogroove dimensions as a design input parameter for neuronal differentiation
and neurite outgrowth in brain-on-chip applications. Soft lithography in polydimethylsiloxane (PDMS) is
used extensively in organ-on-a-chip applications to create environments for in vitro models. As such, here
it is used to fabricate cell culture substrates with nanogrooved patterns. Using a newly developed analysis
method, described in the previous chapter, we compared the effect of the nanogrooved, biomimetic PDMS
substrates with lateral and height variations within the nanometer range as measured bymeans of atomic force
microscopy (AFM). PDMS culture substrates were replicated from a cyclic olefin copolymer (COC) template,
which was fabricated either directly by thermal nanoimprinting from a jet and flash imprint lithography (J-
FIL) resist pattern (process I) on a polished silicon wafer or via an intermediate reactive ion etched (RIE)
all-silicon mold (process II) that was fabricated by using the J-FIL resist pattern as in process I as a mask. To
study the interplay between the lateral and height dimensions of nanogrooves on the differentiation process of
SH-SY5Y cells, which are a well-established model for neuronal cells that form networks in culture, we first
characterized the feature sizes of the PDMS substrates received from both processes by AFM. On average,
nanogrooved patterns from process I had a 1.8 ± 1.1% decrease in pattern period, a 15.5 ± 12.2% increase in
ridge width compared to the designed dimensions, and a height of 95.3 ± 10.6 nm. Nanogrooved patterns for
process II had a 1.7 ± 1.7% decrease in pattern period, a 43.1 ± 33.2% increase in ridge width, and a height of
118.8 ± 13.6 nm. Subsequently, we demonstrated that neurite outgrowth alignment was particularly strong
if the pattern period was 600 nm or 1000 nm with the additional constraint for these patterns that the ridge
width is < 0.4 times the pattern period. Increasing pattern height increased the fraction of differentiated
cells within the cell culture and increased neurite length but had no direct impact on outgrowth alignment.
This study forms the basis for optimization in bottom-up engineering of neuronal network architecture, for
which specific patterns can be selected to assist in neuronal cell differentiation and direct neurite growth
and alignment. Such organized neuronal networks can aid in the design of in vitro assay systems for brain-
on-chip applications by improving biological response readouts and providing a better understanding of the
relationship between form and function of a neuronal network.

Based on Investigating the interplay of lateral and height dimensions influencing neuronal processes on
nanogrooves, A. Bastiaens, S. Xie, R. Luttge, J. Vac. Sci. Tech. B, 36, 2018
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5.1 Introduction
Advances in micro-physiological systems to study cell physiology and cell pathology

in vitro, known as organ-on-a-chip, rely on micro- and nanoscale fabrication methods

to produce biocompatible microenvironments that emulate the microarchitecture of

tissues. [1] In this context, micro- and nanogrooves induce physical cues that stimulate

directional cell morphology and aligned neuronal networks. This is the case with brain

cells where nanogrooves guide the direction of neuronal outgrowth (neurite). Hence, the

dimensions of such topographical patterns can be used as a design feature in brain-on-

chip (BOC) applications [2–4]. Various lithographical techniques achieve features that

provide nanotopographical cues and hence mechanotransduction to neuronal cells in

culture, influencing the phenotype of the cells. More specifically, in vitro experiments

demonstrate that nanotopography influences neurite length and orientation [5–8],

neuronal polarity [9, 10], and promotes stem cell differentiation towards the neuronal

lineage [11–13]. Here, we focus on the fabrication of nanogroove cell culture substrates

and the analysis of the cellular response in a neuronal network. The fabrication of

larger structures such as microgrooves is also feasible and has shown that neurite

guidance is possible at the microscale [14, 15]. While microgrooves allow contact

guidance, experiments on microgrooves have shown that neuronal differentiation is not

significantly enhanced [16–19]. Topographical cues of nanogrooves may interact with

either chemical or mechanical cues, as shown by current research with a large variety

of cell types and nanogroove dimensions [20–22]. Previously, research demonstrated

that the nanogroove dimensions must be optimized for a specific cell type. As such,

experimental trial-and-error is necessary to gain insight into the effect of topographical

cues on neurite and neuronal network properties. It is therefore important to use efficient

ways to investigate the optimal use of nanogrooves in bottom-up engineering of neuronal

cell cultures for BOC applications.

Our approach to facilitate the selection of preferable nanogroove dimensions uses an

image-based screeningmethod. The nanogrooveswere fabricated by jet andflash imprint

(J-FIL) lithography, as an arrangement of 27 patterns with lateral dimensions in the

range of 200–2000 nm. Previous experiments have shown that nanogrooves with lateral

dimensions in the order of 400–600 nm and a height of approximately 118 nm induce

strong alignment of neuronal outgrowths of primary rat cortical cells in culture [8]. Our

recent results also include height variations that confirm this alignment capability on

similar patterns for the commercially available, well-established neuroblastoma cell line,

SH-SY5Y. Here, neurite outgrowth alignment is particularly strong if the pattern period

is within 400–600 nm or at 1000 nmwith the additional constraint of ridge widths of < 0.4

times the pattern periodicity. The effect of the lateral dimensions has been investigated

by both ourselves [8, 23] and several other authors [5–7, 9, 11, 12]. To some extent, vertical

dimensions were also investigated [5, 11]. However, the height of nanogrooved patterns

and the effect of slight variations in nanogroove height in the range of 80–140 nm should

be investigated in more detail.

Here, it is our aim to investigate nanogroove dimensions as a design input parameter

for neuronal differentiation and neurite outgrowth in BOC applications [8, 23]. For

this purpose, we compared the morphology and differentiation of SH-SY5Y cells on
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nanogrooves with height variations. Previously, our group has used soft lithography

to fabricate cell culture substrates with nanogroove patterns in polydimethylsiloxane

(PDMS). To ensure that only variations in nanogroove dimensions would play a role in

the cell culture experiments, a replica molding process was used to obtain nanogrooved

PDMS cell culture substrates from the two different molds. In this work, we achieve this

by replicating the PDMS substrates from a cyclic olefin copolymer (COC) template either

directly fabricated by thermal nanoimprinting from a J-FIL resist pattern on a polished

silicon wafer or via an intermediate RIE all-silicon mold, which was fabricated by using

the same J-FIL resist pattern as a mask.

Results of the SH-SY5Y cell culture experiments were analyzed through image-based

screening of cell morphology and neurite properties for all made patterns. Statistical

analysis was performed to identify significant differences between patterns. Our study

allowed us to investigate nanogroove height variations as a design input parameter in

influencing neurite outgrowth for BOC applications. Such organized neuronal networks

can aid in the design of in vitro assay systems for BOC applications, for example, by

improving the biological response readouts and by providing a better understanding of

the relationship between form and function within neuronal networks.

5.2 Materials and Methods

5.2.1 Fabrication of nanogrooved molds for replica molding

Details of fabrication of nanoresist as scaffolds were published previously by Xie and

Luttge [8]. In brief, nanoresist was patterned by J-FIL on a standard double-sided

polished 100 mm diameter silicon wafer coated with a bottom anti-reflective coating

(BARC; DUV30J, Brewer Science) layer using a quartz master kindly provided by the

Bĳkerk group at the University of Twente. Nanogrooved pattern periodicity ranged from

200–2000 nm with a ridge width of 100–1340 nm resulting in 27 different patterns with

a height of 118 nm. Subsequently, nanoresist patterns (i) were either used directly as a

template in thermal nanoimprint lithography or as a mask in pattern transfer by means

of RIE, yielding a silicon template (ii) (Fig. 5.1a). RIE was performed using CHF3 /

argon gas composition with an etch rate of approximately 0.8 nm s
-1

for the polymer

layer and a SF6 / C4F8 gas composition with an etching rate of approximately 10 nm s
-1

for silicon [24].

Subsequently, a negative copy in COC (optical grade TOPAS 8007S-04, Kunststoff-

Zentrum) of each of the molds i and ii was made by thermal nanoimprinting at 108°C
and by applying a pressure of 4 MPa using a thermal nanoimprint lithography system

(EITRE 6, Obducat) (Fig. 5.1b). COCwas kept onmolds i and ii, respectively, until cooled
to room temperature prior to peeling off the COC, resulting in a secondary mold made

from COC and labeled iii and iv, respectively.

5.2.2 Nanogrooved cell culture substrates

The nanogrooved cell culture substrates were made by PDMS replica molding using

Sylgard
®
184 (Dow Corning, Germany) for the two routes of fabrication, processes I and

II (Fig. 5.1c). PDMS elastomer and curing agent were mixed at a weight ratio of 10:1
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Figure 5.1: Fabrication scheme for nanogrooved cell culture substrates. (a) Jet and flash imprint lithography

(J-FIL) resist (i), was transferred into silicon by reactive ion etching (RIE) (ii). (b) Using i and ii as nano-imprint

molds for pattern transfer into cyclic olefin copolymer (COC), results in new molds iii and iv, respectively.
(c) Soft lithography of polydimethylsiloxane (PDMS) is used to transfer patterns from iii and iv to the final

PDMS cell culture substrates, v and vi, respectively. Fabrication from i to the resulting PDMS substrate, v, is
referred to as process I. Similarly, fabrication of ii until the resulting PDMS substrate, vi, is referred to as process

II. Reproduced from Bastiaens et al., Investigating the interplay of lateral and height dimensions influencing neuronal
processes on nanogrooves © 2018. Open Access publication by JVSTB under the Creative Commons Attribution License
(CC BY).

Table 5.1. Parameters derived from atomic force microscopy measurements
on nanogrooves

Nanogroove pattern feature Measurementa
Height Height difference ridge and groove of pattern [nm]

Pattern period (D) Distance between ridges [nm]

Ridge width (L) Full width at half height [nm]

Groove width (G) D – L [nm]

a
n = 5 measurements for each pattern feature

and degassed for 10 minutes using a vacuum chamber prior to spin-coating a 100 µm
layer of PDMS onto the COC molds and placing the PDMS-covered molds into an oven

at 65°C for 4 hours to fully cure the PDMS. PDMS was peeled off COC molds iii and iv,
resulting in PDMS substrates v and vi, respectively. The PDMS cell culture substrates

were subsequently placed in a polystyrene Petri dish prior to further use.

The nanogrooved patterns on the PDMS substrates were surrounded by an area of

flat PDMS. The flat PDMS was used as a control surface to compare the effect of the

nanogrooved patterns against a non-patterned surface for neuronal cell morphology.

5.2.3 Characterization of nanogroove dimensions

Tapping mode atomic force microscopy (AFM) (XE-100, Park Systems) was used to

characterize the dimensions of the nanogrooved patterns in PDMS substrates v and vi,
using non-contact cantilevers (PPP-NCHR, Park Systems). AFMdatawere recordedwith

XEP software (Park Systems) and data were analyzed using Gwyddion software [25].

Nanogrooved pattern dimensions were calculated for PDMS substrates from processes I

and II as listed in Table 5.1.
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5.2.4 Neuronal cell culture on nanogrooved PDMS

The nanogrooved PDMS substrates from processes I and II were sterilized for 5 minutes

using 70% ethanol and the substrates were placed in an oven at 65°C for 1 hour to ensure

that the ethanol had fully evaporated. A coating of 10 µg cm
-1
fibronectin (FC010, Sigma

Aldrich) in phosphate buffered saline (PBS; LO BE02-017F, Westburg) was applied for 30

minutes to the PDMS nanogrooves prior to seeding cells in a Petri dish. After coating the

surface with fibronectin, Petri dishes with PDMS substrates were used for cell culture by

aspirating the fibronectin solution from the dish and immediately adding cell suspension

onto the surface.

To study neuronal differentiation and network guidance based on nanogroove

dimensions, including height variations, the human neuroblastoma SH-SY5Y cell line (#

94030304, Sigma Aldrich) was cultured on the PDMS substrates received from processes

I and II. In brief, cells were removed from cryovials stored in liquid nitrogen and thawed,

plated in a T75 flask and cultured to 70 – 80% confluency prior to use in the experiments

according to the manufacturer’s protocol. Cells were cultured in Dulbecco’s modified

Eagle’s medium and Ham’s F12 medium in a 1:1 ratio (L0093-500, VWR) supplemented

with 10% fetal bovine serum (SFBS lot 11113, Bovogen) and 1% penicillin/streptomycin

(LODE17-602E,Westburg) in an incubator at 37°Cand 5%CO2. Cellswere then seeded at

0 days in vitro (DIV) onto the fibronectin-coated substrates in standard culture medium

at 1500 cells cm
-2
. Cells were allowed to adhere to the PDMS cell culture substrates

and the medium was replaced with culture medium supplemented with 10 µM retinoic

acid (R2625, Sigma Aldrich) for 72 hours to initiate differentiation of the cells into the

neuronal lineage [26]. The medium supplemented with retinoic acid was replaced

after 36 hours with new medium supplemented with retinoic acid. Subsequently, at

3 DIV, the medium was replaced with culture medium supplemented with 50 ng ml
-1

brain-derived neurotrophic factor (B2795, Sigma Aldrich) for 24 hours to enhance cell

differentiation [27]. Cells were kept in standard culture medium until 21 DIV, with

medium being refreshed every 48 hours. Cultures were fixed on 21 DIV by washing

the samples twice in PBS and subsequently treating them with 3.7% formaldehyde

(1.040.031.000, Merck Millipore) for 30 minutes.

5.2.5 Immunofluorescent cell staining

Immunofluorescence staining was performed using anti-β-tubulin III (T8578, Sigma

Aldrich) and anti-mouse IgG Alexa Fluor 555 (A21424, Thermo Fisher Scientific). These

proteins were used as primary and secondary antibodies to selectively stain SH-SY5Y

cells that had differentiated into a neuron-like phenotype [28]. Cells were permeabilized

for 10 minutes with 0.1% Triton X-100 (1.086.031.000, Merck Millipore), and incubated

for 15 minutes in a blocking buffer of 10% horse serum (HS) (16050-122, Thermo Fisher

Scientific) in PBS, incubated for 1 hour with 1:200 primary antibody and 1% HS in

PBS and incubated for 1 hour with 1:200 secondary antibody in PBS. Additionally, the

cytoskeletal protein F-actinwas stained using 2 dropsml
-1
Actingreen

™
(R37110, Thermo

Fisher Scientific) for 30 minutes and cell nuclei were counterstained with 2 drops ml
-1

NucBlue
™

(R37606, Thermo Fisher Scientific) in PBS for 5 minutes. Samples were rinsed

three times for 5 minutes with PBS prior to each step. The immunofluorescence staining

protocol is based on the standard protocols provided by the supplier.
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5.2.6 Image analysis

After staining, the SH-SY5Y cells were visualized using immunofluorescencemicroscopy

(EVOS FL, Thermo Fisher Scientific). For each of the patterns, one image was taken of

the cell nuclei, F-actin, and β-tubulin III staining with a 10x objective. To determine the

degree of neurite alignment in the fluorescence images, a bright field reference image at

the edge of each of the patterns was taken using the 10x objective to define the direction

of the nanogrooves.

While whole image fast Fourier transform (FFT) has been used previously to receive

information on the level of alignment of cells to a pattern, we applied automateddetection

of cell bodies and neurites to the images for the analysis of potential interplay of lateral

and height dimensions of the nanogrooves on neuronal processes. This was done by

using the commercially available software package, HCA-Vision
©
[29, 30] (version 2.1.5,

CSIRO), as a tool to determine the total number of cells, the number of cells with neurites,

the neurite length, and the number of neurites and branches per cell in an image.

To evaluate whether the specific features of the nanogrooved patterns had an effect on

the orientation of neurites, a Frangi Vesselness filter [31] in Matlab (R2015b including

Image Processing Toolbox, Mathworks) was used to calculate the alignment of each

pixel belonging to the identified neurites from HCA-Vision
©
. Neurites were considered

aligned to the underlying pattern of the substrate when the angle of detected pixels was

alignedwithin± 30° of the direction of the pattern asmeasured from the reference images

for each of the nanogrooved patterns.

5.2.7 Statistical analysis

Independent cell culture experiments were performed five times for process I and three

times for process II, respectively. Cell culture data were tested for normality using

Lilliefors normality test, a correction on the Kolmogorov-Smirnov normality test, which

does not require a known population mean or standard deviation. Based on the results

for the normality test, data were considered not to be normally distributed. Statistically

significant differences between cell culture results for the different nanogrooved patterns

were tested by means of the non-parametric Kruskal-Wallis test and were considered

statistically significant when p < 0.05. Data for the cell culture experiments are

represented as the median with the interquartile range (IQR) unless stated otherwise.

The statistical analysis was performed using Matlab (R2015b including Statistics and

Machine Learning Toolbox, Mathworks).

5.3 Results and Discussion
Cell biology data should incorporate a thorough statistical experimental design.

Considering the number of cell culture repeats needed to set up such a design comparison

study, it is important that the quality of nanogrooves per culture substrate used in

the experiment is highly reproducible and a suitable nanofabrication method, i.e. soft

lithography, is selected for this purpose.

To demonstrate pattern fidelity in the two routes of pattern transfer for the nanogrooved
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PDMS culture substrates, the geometrical dimensions were characterized using AFM.

Subsequently, a differentiation and alignment analysis of the neuronal cell culture on

nanogrooves was performed to identify a potential correlation amongst the different

dimensional parameters. The following subsections present the results divided by

aspects of the fabrication, the analysis of individual cellular processes, and the

organization in the neuronal network architecture.

5.3.1 Characterization of nanogrooved PDMS substrates

Nanogrooves of all patterns were measured for both fabrication routes, processes I and

II. Areas of at least 5 x 5 µm in size were measured for process I (Fig. 5.2a) and process

II (Fig. 5.2b). Line profiles were taken from each pattern (Fig. 5.2c) for PDMS substrates

and the actual pattern period (D), ridge width (L), groove width (G), and height (H) were

determined for each nanogrooved pattern as shown in Table 5.1. A complete table of

these values for all patterns can be found in the supplementary material (Suppl. Table
5.1). Patterns are referred to by their pattern period and ridge width. For instance,

D800L230 is the name of the pattern shown in Fig. 5.2a and Fig. 5.2b, for which D = 800

nm and L = 230 nm in the original design.

Limitations of AFM measurements on nanogrooved patterns

The profile height for the patterns was expected to be approximately 100 nm, however

a range of patterns did not return measurements close to this value. Considering the

size of an AFM non-contact tapping mode cantilever probe, this is caused by the probe

not being able to reach the bottom of the groove. The average tip size of a probe is less

than 10 nm, but this tip is 10 – 15 µm in height and subsequently also broadens from

the very tip of the probe to the cantilever base. Hence, the measured pattern height was

set out against the measured groove width for all nanogrooved patterns first (Fig. 5.2d)
to determine the range of patterns that were still being measured correctly by means of

the AFM probe. Patterns that were incorrectly measured showed a linear relationship

between groove width and pattern height, reinforcing the statement that the geometry

of the probe was the limiting factor when measuring these patterns. For these patterns,

no further assessments were made with regard to pattern quality and we only used these

patterns in a qualitative, observatory mode of analysis rather than drawing detailed

conclusions on how these fine lateral dimensions of the original design influenced the

neuronal cell culture. On patterns with a measured height of greater than 75 nm or

groove width of at least 200 nm, a quantitative analysis was performed according to the

following subsection.

Dimensions of nanogrooved patterns

On average, nanogrooved patterns from process I showed a 1.8 ± 1.1% decrease in

pattern period, a 15.5 ± 12.2% increase in ridge width compared to the original values

of the designed dimensions, and a height of 95.3 ± 10.6 nm. Nanogrooved patterns for

process II that were considered had a 1.7 ± 1.7% decrease in pattern period, a 43.1 ± 33.2%

increase in ridge width, and a height of 118.8 ± 13.6 nm. For these patterns, all heights

for process II were greater than for process I.

In conclusion, for both fabrication processes the pattern period and pattern height
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Figure 5.2: Overview of atomic force microscopy (AFM) measurement results for nanogrooved patterns from

processes I and II. (a) Representative AFM area scan of a pattern in PDMS from process I, with a period of 800

nm and ridge width of 230 nm. (b) Representative AFM area scan of a pattern in PDMS from process II, with

a period of 800 nm and ridge width of 230 nm. (c) Line profiles for patterns shown in (a) and (b). (d) Scatter
plot showing the groove width versus pattern height for both processes. For patterns with a groove width

of less than 200 nm, the pattern height becomes linearly dependent on the cantilever probe tip of the AFM,

resulting in incorrect measurements of pattern height. Labels in the legend indicate height measurements for

all investigated patterns, referring to fully measured patterns by process 1 and process 2, whilst process 1* and

process 2* refer to patterns that showed linear dependency on the AFM tip. Reproduced from Bastiaens et al.,
Investigating the interplay of lateral and height dimensions influencing neuronal processes on nanogrooves © 2018. Open
Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

did not change substantially compared to the designed dimensions. However, the

ridge width values were greater and had large standard deviations compared to the

designed dimensions. These findings can be explained by considering the shape of most

nanogrooved patterns as seen in the line profiles. Qualitatively, the pattern dimensions

in PDMSwere reproducibly retained (Fig. 5.2c). However, the ridge edges in all cases, in

particular for smaller patterns, are rounded and there is a slight slope that connects the

groove bottom and ridge top of the patterns. The ridge width is calculated from the full

width at half height. Due to the rounded ridges, this method seemed most appropriate,

but may have enlarged ridge width. Another reason for the enlarged ridge width is the

use of RIE in process II, as this process etches away the nanoresist patterns and further

etches the patterns into the silicon. During this process, detectable deviations from the

original dimensions of the patterns occurred. This is particularly the case for the groove

of the pattern, as this would retain a more rounded shape due to etching and is a major

reason for choosing to incorporate the COC intermediate molds as direct copying of

the etched nanogrooves into PDMS would mean these rounded features end up on the

ridges.
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5.3.2 Analysis of individual cellular processes on nanogrooved PDMS

Neuronal cell culture on nanogrooved PDMS

Neuronal cell culture was performed on the PDMS nanogrooved substrates as derived

from both processes I and II, respectively. An example of the cell culture results is

shown in Fig. 5.3a and Fig. 5.3b for pattern D1000L500. Cells were kept alive for 21

DIV. Neuronal differentiation was confirmed by staining β-tubulin III. On most patterns,

qualitative observations already showed a degree of alignment, as demonstrated by the

oval-shaped cell bodies with the major axis in the direction of the nanogrooves and the

observation of neurites being grown more preferably in the direction of the grooves.

Figure 5.3: Examples of differentiated SH-SY5Y cells cultured on nanogrooved PDMSwith a theoretical pattern

period of 1000 nm and ridge width of 500 nm. (a) Immunofluorescence staining of cells on a nanogrooved

PDMS substrate derived from process I with a height of 103.0 nm. (b) Immunofluorescence staining of cells

on a nanogrooved PDMS substrate derived from process II with a measured height of 134.4 nm. Nanogrooves

are directed along the horizontal axis of the image as shown by the dashed white double-headed arrows. Red

shows the presence of the neuron-specific marker, β-tubulin III; green shows the cytoskeletal protein, F-actin;

and blue shows the counterstaining for cell nuclei using NucBlue©. The scale bar denotes 400 µm.Reproduced
from Bastiaens et al., Investigating the interplay of lateral and height dimensions influencing neuronal processes on
nanogrooves © 2018. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).
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Comparing neurite properties between process I and II

The influence of a particular pattern on the individual cellular processes for processes

I and II were analyzed with regard to overall differentiation, neurite length, branching,

and neurite alignment as listed by name (Fig. 5.4). We postulate that a significant

change in these values can be attributed to changes in the actual pattern dimensions

for the same given name. The fraction of differentiated cells in the cell population is

increased for patterns of process II when compared with those from process I (Fig.
5.4a). Pattern D450L180 showed the highest differentiation with a statistically significant

difference compared to pattern D2000L600 with the lowest differentiation within process

II. Patterns D600L130, D100L500, and D2000L1340 showed a statistically significant

increase in differentiation for process II compared to process I.

A slight increase was observed for the mean neurite length calculated for each analyzed

image (Fig. 5.4b) and for the fraction of cellswith branching neurites from the population

of differentiated cells (Fig. 5.4c). However, neurite length does not increase significantly

for any pattern except D2000L1340.

For branching, process II yielded a statistically significant increase for D800L230 and

D2000L1340 and between the two processes for patterns D600L130, D1000L500, and

D2000L1340. Neurite alignment did not show an increasing trend when comparing

processes I and II (Fig. 5.4d). For process I, a statistically significant difference was

observed between D500L130 and D2000L1340, and between D600L180 and D2000L1340.

Comparing between processes for alignment showed a statistically significant difference

within patterns D600L180, D800L230, and D800L400.

Overall this information shows that nanogrooved patterns from different fabrication

processes have different degrees of influence on neuronal cells. For a more detailed

study, it is important to account for the specific dimensions per pattern for the influence

of dimensional variation on the neuronal processes, such as presented in Section 5.3.3

and Section 5.3.4.

5.3.3 Influence of nanogroove height on the neuronal network
architecture at similar lateral dimensions

From a fabrication perspective and that of utilizing specific nanogrooved patterns within

BOC applications, it is important to define detailed differences between differentiation

and alignment dependent on the feature dimensions. Hence, one can optimize for certain

neuronal behaviors in culture by selecting from a range of nanogroove dimensions. To

this end, it is important to compare those patterns that have similar lateral dimensions

(within ~20% difference between the patterns) as measured in the PDMS nanogrooved

substrates but different heights.

Based on previous studies [5, 11], we hypothesized that cell membrane proteins sense

an increase in nanogroove height in the range of tens of nanometers and are therefore

more sensitive to nanotopographical cues during differentiation. Patterns D450L180 and

D500L130were selected as patternswith small lateral dimensions and patternsD750L180

andD800L230were selected aspatternswith large lateral dimensions for this comparison.
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Figure 5.4: Tukey box plots for neuronal differentiation and neurite alignment parameters comparing patterns

from fabrication processes I and II by pattern name. (a) Fraction of differentiated cells in the total cell population

for differentiated SH-SY5Y neuroblastoma cells on nanogrooved patterns. (b)Mean neurite length as calculated

for each analyzed image of differentiated cells on nanogrooved patterns. (c) Fraction of differentiated cells with

branching neurites in the population of differentiated cells. (d) Percentage of aligned neurites as calculated

from each analyzed image of the differentiated cells. Patterns denoted by designed dimensions for pattern

period, D, in nm and ridge width, L, in nm. For example, the pattern with D = 800 nm and L = 230 nm is

denoted as D800L230. Blue box plots refer to process I and red box plots refer to process II, as depicted in

the legend in plot (b), a convention that applies to all plots in this figure. Statistically significant differences

between patterns are denoted by * for p < 0.05, where blue refers to process I, red to process II, and black

asterisks located at the pattern name refer to differences between processes I and II for that specific pattern

name.Reproduced from Bastiaens et al., Investigating the interplay of lateral and height dimensions influencing neuronal
processes on nanogrooves © 2018. Open Access publication by JVSTB under the Creative Commons Attribution License
(CC BY).
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Height variations at small lateral dimensions

For small lateral dimensions (Fig. 5.5), the height change between process I and process

II was 25.4 nm. The fraction of differentiated cells within the total population did not

increase significantly, with a median ± IQR of 0.39 ± 0.15 for process I and 0.48 ± 0.14

for process II. Mean neurite length per image showed a statistically significant increase

at p < 0.01 of 46.6 ± 8.8 nm for process I and 57.8 ± 6.8 nm for process II. The fraction of

cells with branching neurites from all differentiated cells did not significantly increase

from 0.01 ± 0.02 for process I to 0.03 ± 0.03 for process II. Additionally, neurite alignment

showed a slight decrease from 84.3 ± 8.4% for process I to 81.8 ± 7.1% for process II.

Figure 5.5: Comparing neuronal differentiation and neurite alignment for patterns with similar lateral

dimensions but different heights. (a) Fraction of differentiated cells in the total cell population for differentiated

SH-SY5Yneuroblastoma cells onnanogroovedpatterns. (b)Meanneurite length as calculated for each analyzed

imageof differentiated cells onnanogroovedpatterns. (c) Fraction of differentiated cellswith branchingneurites

in the population of differentiated cells. (d) Percentage of aligned neurites as calculated from each analyzed

image of the differentiated cells. Statistical significance is shown by ** for p < 0.01.Reproduced from Bastiaens et
al., Investigating the interplay of lateral and height dimensions influencing neuronal processes on nanogrooves © 2018.
Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

Figure 5.6: Comparing neuronal differentiation and neurite alignment for patterns with similar lateral

dimensions but different heights. (a) Fraction of differentiated cells in the total cell population for differentiated

SH-SY5Yneuroblastoma cells onnanogroovedpatterns. (b)Meanneurite length as calculated for each analyzed

imageof differentiated cells onnanogroovedpatterns. (c) Fraction of differentiated cellswith branchingneurites

in population of differentiated cells. (d) Percentage of aligned neurites as calculated from each analyzed image

of the differentiated cells. Statistical significance is represented as * for p < 0.05.Reproduced from Bastiaens et al.,
Investigating the interplay of lateral and height dimensions influencing neuronal processes on nanogrooves © 2018. Open
Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

Height variations at large lateral dimensions

For larger lateral dimensions (Fig. 5.6), the height change between process I and process

II was 23.8 nm. The fraction of differentiated cells within the total population showed a
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statistically significant increase at p < 0.05, with 0.30 ± 0.13 for process I and 0.36 ± 0.03

for process II. Mean neurite length per image did not increase significantly from 42.7 ±
10.7 nm for process I to 51.1 ± 20.4 nm for process II. The fraction of cells with branching

neurites from all differentiated cells did not significantly increase from 0.02 ± 0.04 for

process I to 0.01 ± 0.04 for process II. Neurite alignment showed an increase from 77.7 ±
13.4% for process I to 81.4 ± 11.12% for process II.

5.3.4 Influence of height and ridge to period ratio on the neuronal
network architecture

From the results of the large and small patterns with similar lateral dimensions, several

observations were made. First, differentiation and neurite length were increased by the

increase in height for both small and large patterns. Second, the IQR for differentiation

decreased as height increased. This showed that a ~25 nm increase in height helped

SH-SY5Y cells to differentiate and created longer neurites but did not necessarily aid

alignment.

As stated in the introduction, patterns with a low L/D ratio are preferred for better

alignment. When height is varied for patterns with similar L/D ratios, instead of similar

lateral dimensions, it can be observedwhether in this case also differentiation and neurite

length are influenced, but not alignment.

Height variations at high ridge to period ratios

For the first comparison between patterns of similar L/D ratios and similar heights,

D600L230, D800L400, and D1000L500 were used (Fig. 5.7). The mean L/D = 0.52 and

height = 99.5 nm for process I compared to a mean L/D = 0.59 and height = 123.3 nm for

process II.

The differentiation of cells showed a statistically significant increase at p < 0.01, with

0.25 ± 0.12 for process I and 0.42 ± 0.08 for process II. Neurite length did not increase

significantly with a value of 45.15 ± 13.0 nm for process I and 51.7 ± 12.8 nm for process

II. Branching did not increase significantly with a value of 0.02 ± 0.03 for process I and

0.03 ± 0.06 for process II. Neurite alignment showed an increase from 76.7 ± 18.7% for

process I to 80.4 ± 14.5% for process II. From this data, the increase in height had no

significant impact on neurite alignment. However, it was clear that differentiation was

increased, and that neurite length and branching followed a similar trend, but this was

not statistically significant.

Nanogroove period variations at high ridge to period ratio

Whilst height was the parameter that was explicitly different between processes I and

II, the lateral dimensions also influenced the neuronal cell culture and were compared,

in particular the lateral dimensions that made up the L/D ratio. As such, it is useful to

compare nanogrooves for similar L/D ratios and heights and study the effect of pattern

period (Fig. 5.8). For this comparison, four groupswere selected: groupD300 (D300L150

and D300L180 from process I), D600 (D600L230 from process II), D800 (D800L400 from

process I), and D1000 (D1000L230 from process I) where the mean L/D = 0.59 and H =

104.2 nm. AFMmeasurements on group D300 did not show a height that was measured
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Figure 5.7: Comparing neuronal differentiation and neurite alignment for patterns with a similar ridge width

relative to pattern period and a difference in height. (a) Fraction of differentiated cells in the total cell population

for differentiated SH-SY5Y neuroblastoma cells on nanogrooved patterns. (b)Mean neurite length as calculated

for each analyzed image of differentiated cells on nanogrooved patterns. (c) Fraction of differentiated cells with

branching neurites in population of differentiated cells. (d) Percentage of aligned neurites as calculated from

each analyzed image of the differentiated cells. Statistical significance is represented by ** for p< 0.01.Reproduced
from Bastiaens et al., Investigating the interplay of lateral and height dimensions influencing neuronal processes on
nanogrooves © 2018. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

fully and therefore were only used for qualitative comparison.

Differentiation was 0.23 ± 0.10 for D300, 0.43 ± 0.13 for D600, 0.20 ± 0.14 for D800 and

0.24 ± 0.10 for D1000. A statistically significant difference was observed between D300

and D600 at p < 0.05. Neurite length did not increase significantly between groups, with

values of 46.2 ± 12.8 nm for D300, 51.9 ± 6.5 nm for D600, 44.7 ± 9.2 nm for D800 and

39.3 ± 8.6 nm for D1000. However, as with differentiation, values were higher for the

D600 group. Branching showed values of 0 ± 0.02 for D300, 0.03 ± 0.04 for D600, 0.02 ±
0.01 for D800, and 0.03 ± 0.03 for D1000. Here too, values were higher for group D600

compared to the other groups. Neurite alignment was similar for all groups with no

statistically significant differences. Alignment values were 70.1 ± 17.9% for D300, 78.9 ±
19.7% for D600, 67.3 ± 8.9% for D800, and 72.5 ± 16.7% for D1000. These results show that

in particular, pattern period D = 600 nm aided in differentiation but not in alignment.

Group D300 seemed to perform similarly with regard to differentiation, neurite length,

and branching compared to groups D800 and D1000. Despite the qualitative comparison

of the D300 group with the other groups, this aided in observing these properties and

inferred that pattern height may have been similar compared to the other samples.

This observation would need to be confirmed using an advanced pattern measurement

method. Alignment for group D300 is similar in median and IQR value as the other

groups, however the total spread as shown by the whiskers revealed that the patternmay

not function as robustly with regard to aligning neurites. Likely, the distance between

the ridges was too small and neurites bridged the grooves between the ridges as if the

substrate surface was flat.

Nanogroove period variations at low ridge to period ratio

Pattern period D = 600 nm showed improved differentiation at lower L/D ratios. Thus,

it is important to also study whether this pattern period has an effect compared on

patterns of similar L/D ratios and similar heights. For this comparison, three groups

were selected: group D600 (D600L180 from process I), group D800 (D800L230 from
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Figure 5.8: Comparing neuronal differentiation and neurite alignment for patterns with a similar ridge width

(L) relative to pattern period (D) at L/D = 0.56 and similar height. (a) Fraction of differentiated cells in the total

cell population for differentiated SH-SY5Y neuroblastoma cells on nanogrooved patterns. (b) Mean neurite

length as calculated for each analyzed image of differentiated cells on nanogrooved patterns. (c) Fraction of

differentiated cells with branching neurites in the population of differentiated cells. (d) Percentage of aligned
neurites as calculated from each analyzed image of the differentiated cells. The groups shown in each graph are

referred to by pattern period, D, in nm. Statistical significance is represented by * for p < 0.05.Reproduced from
Bastiaens et al., Investigating the interplay of lateral and height dimensions influencing neuronal processes on nanogrooves
© 2018. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY).

process I), and group D1000 (D1000L230 from process I) where the mean L/D = 0.38 and

H = 99.4 nm (Fig. 5.9).

Differentiation was 0.33 ± 0.10 for D600, 0.20 ± 0.19 for D800, and 0.38 ± 0.13 for D1000

with no statistically significant differences. Neurite length did not increase significantly

between groups, with values of 46.7 ± 7.0 nm for D600, 37.9 ± 12.5 nm for D800, and 51.7

± 21.4 nm for D1000. Branching showed values of 0.00 ± 0.01 for D600, 0.01 ± 0.03 for

D800, and 0.01 ± 0.02 for D1000 without any statistically significant differences. Neurite

alignment was 87.1 ± 9.3% D600, 72.0 ± 14.1% for D800 and 85.5 ± 8.0% for D1000. A

statistically significant difference was observed between groups D600 and D800. These

results show that the significance of the nanotopographical cues from the actual lateral

dimensions were reduced and the influence of the L/D ratio was higher at low L/D

values. Differentiation, neurite length, and branching were not significantly influenced

by lateral dimensions; however, the alignment was decreased specifically in the case of

group D800. Considering that both group D600 and D1000 scored higher, a shift in the

mechanisms behind the topographical cues of the patterns may be seen here, as D1000

patterns can be considered microgrooves of small size. At D600, neuronal cells stayed

on top of the ridges, whereas at D1000, grooves may become wide enough for cells to

attach to both the ridge and the groove of the pattern. To provide detailed information

on this phenomenon, additional experiments are required, e.g. characterizing neurite

morphology by scanning electron microscopy (SEM) or AFM [32].

5.4 Conclusion
In conclusion, we investigated the effect on neuronal properties of nanogrooved PDMS

substrates fabricated via two different fabrication processes; a J-FIL resist pattern on a

polished silicon wafer and a RIE all-silicon mold, which was fabricated using the same

J-FIL resist pattern as a mask and used in parallel to obtain COC templates through

thermal nano-imprinting. Soft lithography of PDMS using the COC templates resulted

in PDMS substrates from both processes, where height variations received from the

89



5

Figure 5.9: Comparing neuronal differentiation and neurite alignment for patterns with a similar ridge width

(L) relative to pattern period (D) where L/D = 0.38 and heights were similar. (a) Fraction of differentiated

cells in the total cell population for differentiated SH-SY5Y neuroblastoma cells on nanogrooved patterns. (b)
Mean neurite length as calculated for each analyzed image of differentiated cells on nanogrooved patterns. (c)
Fraction of differentiated cells with branching neurites in the population of differentiated cells. (d) Percentage
of aligned neurites as calculated from each analyzed image of the differentiated cells. Statistical significance

is represented with an * for p < 0.05. Reproduced from Bastiaens et al., Investigating the interplay of lateral and
height dimensions influencing neuronal processes on nanogrooves © 2018. Open Access publication by JVSTB under the
Creative Commons Attribution License (CC BY).

two different fabrication processes were used to our advantage to set up a cell culture

experiment and study height as a design input parameter influencing differentiation and

neurite outgrowth across 27 patterns of different lateral dimensions. In using these two

processes for PDMS replica molding, we reaffirmed that neurite alignment behavior is

dependent on the ridge to pattern period ratio and that height has a limited influence on

alignment, but does affect differentiation.

Specifically, patterns that we found to be most suited to align neurites are those at ridge

to period ratios of < 0.4 and at a period of 600 nm and 1000 nm. With regard to neuronal

differentiation, increased height shows an increase in both the fraction of differentiated

cells in the total cell population and the mean neurite length, but did not have an

effect on outgrowth alignment. Interestingly, a period of 800 nm with a ridge to period

ratio of < 0.4 resulted in significantly lower neurite alignment. It is suggested here that

topographical cuesmay shift from nanoscale tomicroscale cues. Follow-up studies using

high-resolution analysis of neurites by means of confocal microscopy, AFM, and SEM

may help in further specifying how neurites interact with their physical environment.

The knowledge obtained in this work can be used as the basis for optimization in bottom-

up engineering of neuronal network architecture. This aids the design of in vitro assay
systems for BOC applications andmay help to understand the relationship between form

and function within a neuronal network.
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Supplementary materials

Supplementary Table 5.1. Nanogrooved pattern
dimensions for processes I and II

Patterna Process Ib Process IIb
Period
D

Ridge
width L

Groove
width G

Height
H

Period
D

Ridge
width L

Groove
width G

Height
H

D1000L230 993.2 269.4 723.8 103.5 947.4 326.5 620.9 125.5

D1000L500 959.3 516.9 442.4 103.0 963.7 561.7 402.0 134.4

D1000L780 947.1 752.5 194.6 67.3 971.9 802.3 169.6 74.8

D2000L1340 1948.2 1361.2 586.9 102.2 2007.5 1436.9 570.7 119.2

D2000L660 1948.2 658.0 1290.1 112.7 2028.9 749.6 1279.4 140.8

D200L100 220.3 117.6 102.8 27.1 195.1 135.4 59.7 17.4

D300L130 390.9 211.4 179.5 50.1 325.3 206.1 119.1 22.0

D300L150 290.2 167.2 122.9 34.0 298.6 201.2 97.4 29.0

D300L180 293.5 167.3 126.2 26.7 290.4 187.5 102.9 37.4

D400L130 393.6 184.5 209.2 72.9 399.3 200.9 198.4 20.9

D400L200 395.6 229.3 166.3 55.4 399.6 241.1 158.6 39.2

D400L280 397.3 269.6 127.8 24.6 394.0 292.1 101.9 22.2

D450L180 432.6 229.7 202.9 77.5 439.5 252.8 186.6 99.4

D450L280 435.1 292.0 143.0 71.4 440.3 326.6 113.7 42.3

D500L130 486.8 155.3 331.5 76.6 490.1 244.1 246.0 105.4

D500L380 490.4 350.4 140.0 29.6 492.6 374.4 118.2 22.3

D600L130 587.8 183.7 404.0 88.0 591.5 277.8 313.7 107.2

D600L180 587.8 225.0 362.8 94.3 591.0 308.3 282.8 103.8

D600L230 588.3 273.9 314.4 91.9 595.6 344.0 251.6 106.2

D600L380 585.2 400.8 184.4 66.0 593.4 361.2 232.2 99.9

D600L430 590.7 439.5 151.1 42.2 598.0 427.3 170.7 48.7

D600L480 594.6 486.1 108.5 16.7 601.9 426.9 175.0 32.2

D750L180 739.5 201.1 538.4 89.6 742.6 298.3 444.3 119.3

D750L580 748.6 643.1 105.5 65.5 757.9 626.7 131.2 34.9

D800L230 797.3 287.1 510.2 100.3 791.6 329.0 462.6 134.9

D800L400 794.9 446.7 348.2 103.6 772.0 474.9 297.1 129.2

D800L580 786.0 598.5 187.5 54.5 785.0 613.2 171.8 34.9

a
Patterns denoted by theoretical dimensions for pattern period, D,

in nm and ridge width, L, in nm, e.g. a pattern with D = 800 nm and

L = 230 nm is denoted as D800L230.

b
Values in nm
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6 | 3D spatially organized cultured neuronal
tissue by means of stacking beads
comprising hydrogel encapsulated cells

This chapter describes the design and realization of a microfluidic device assisting in the culture of neuronal
cells in the form of an ordered 3D network. As shown in Chapter 4 and Chapter 5, neuronal network
organization in 2D is feasible by means of nanogrooved patterns, however the physical cues from nanogrooves
are limited in their influence on 3D network organization. Therefore, to be able to create organization, a
method for creating organized three-dimensional (3D) networks of neuronal cells is shown where individual
neuronal cells are encapsulated in gel beads. The cell-laden gel beads are self-assembled into ordered structures
in a bioreactor. Subsequent culturing of the cells in the bioreactor leads to the formation of an organized 3D
network of the neuronal cells. Such structures can serve applications towards assays of neuronal network
function and structure.

Based on 3D spatially organized cultured neuronal tissue by means of stacking beads comprising hydrogel
encapsulated cells, R. Luttge, A. Bastiaens, J. Sleeboom, Appl. No. PCT/EP2016/079961, filing date

June 12, 2016
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6.1 Introduction
Brain diseases and disorders, such as epilepsy and Alzheimer’s, are becoming more

prevalent in the general population [1, 2]. However, no adequate treatments or

therapies are currently available, mainly due to a lack of understanding of the underlying

mechanisms [3]. Since conventional research methods, such as animal models and two-

dimensional (2D) tissue cultures, do not capture the complexity of human physiology,

new methods are needed to study the human brain [4–6].

Therefore, brain on a chip technology is currently being developed, to obtain more

knowledge about the physiology of both the healthy and diseased human brain. Work

to date has demonstrated ordered 2D and random 3D networks of neuronal cells [7, 8].

Thus, it would be an advance in the art to provide an ordered 3D network of neuronal

cells.

More specifically, this chapter describes a chip in which human neuronal cells can be

cultured in a 3D configuration and under physiological conditions, while they can be

analyzed using both optical and electronic measurement methods. One of the main

challenges is to engineer a system that promotes the formation of a physiologically

relevant neuronal network, while retaining the controllability, observability, and

reproducibility of organ-on-a-chip technology.

The new approach provides control of the 3D spatial distribution of neuronal cells, based

on the encapsulation of single cells in hydrogel beads and subsequent self-assembly and

creates an organized three-dimensional tissue (Fig. 6.1).

To achieve single cell encapsulation, a microfluidic flow-focusing chipwith implemented

temperature control was engineered (Fig. 6.1A), in which cells can be encapsulated in

Matrigel
®
droplets with a dispersity of approximately 2% (Fig. 6.1B). Cell encapsulation

took place at a temperature below 4°C, after which gelation was initiated by transporting

the droplets to a region at 37°C on the same chip. The cells are shown to survive the

encapsulation process, and remain viable over at least 11 days, as shown by live/dead

staining.

HereMatrigel
®
is the trade name for a gelatinous proteinmixture secreted by Engelbreth-

Holm-Swarm (EHS) mouse sarcoma cells produced and marketed by Corning Life

Sciences and BD Biosciences. Trevigen, Inc. markets their own version under the trade

name Cultrex BME. Matrigel
®
resembles the complex extracellular environment found

in many tissues and is used by cell biologists as a substrate (basement membrane matrix)

for culturing cells [9]. Any other hydrogel suitable for cell encapsulation can also be used

in practicing embodiments of the invention.

Moreover, the cells retain their potential for differentiation inside theMatrigel
®
beads, as

indicated by the formation of neurites and inter-cellular connections in the established

3D cultures. Self-organization of the manufactured beads was demonstrated inside oil,

and recommendations are provided formicrofluidic approaches to achieve self-assembly

in cell culture medium (Fig. 6.1C,D).

The method can be applied in a three-dimensional bioreactor for neuronal cell culture
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(Fig. 6.1E) to enhance the experimental reproducibility, facilitate the formation of a 3D

spatially standardized neuronal network, and enable advanced co-culture brain models.

Additionally, the method can be applied to enhance spatial organization in other organ-

on-a-chip applications.

An important application of the present technology is performing assays. In general,

an assay is an evaluation of the response of a test system to exposure to the target

analyte. The analyte can be biological, chemical or physical (mechanical, electrical,

magnetic, optical, thermal). The test system in this case is the network of neuronal cells,

which can be evaluated in terms of its function (e.g., electrical responses to provide an

electrophysiological assay) and/or its structure (e.g., number of neuronal connections

formed in the network, or degree of disordering upon exposure). This provides a

qualitatively new kind of assay capability compared to assays where the test system

is not an organized network of neuronal cells.

We believe that order/disorder in a neuronal network is a measure of neuronal network

plasticity (this appears to be also happening in the living brain); and disorder may act as

a biomarker for deficiency of the brain. The in vitro system can then emulate this state

of brain, and neurological functions in the systems can be modulated using a variety

of stimuli. Drugs, for example, modulate the neurological functions at the molecular

level but also locally applied electrical potentials can be used as stimuli for modulation

of neuronal tissue (as demonstrated by various approaches to deep brain stimulation

using an electrode implanted into the brain). These physical methods allow for novel

treatment modalities in brain disorders and are currently being clinically investigated.

An advanced in vitro system of the brain, as considered herein is an example of such an

in vitro system and can be used to evaluate treatment modalities pre-clinically without

using test animals.

6.2 Experimental Work

6.2.1 Process flow for cell encapsulation to gel bead self-assembly

To achieve an organizednetwork of neuronal cells bymeans of cell encapsulation and self-

assembly, an exemplary processing sequence is described (Fig. 6.2). A mixture of cells

and a gel precursor that is liquid at low temperatures and a gel at warm temperatures is

transferred to a microfluidic apparatus (Fig. 6.2A-C). This creates gel precursor droplets
containing cells which warm up to form gel beads containing cells, which are collected

in oil from the microfluidic apparatus (Fig. 6.2D). Repetitive washing steps with oil are

performed to remove the surfactant from the oil (Fig. 6.2E). Repetitivewashing stepswith

cell culture medium are performed to remove the oil from the medium (Fig. 6.2F). The
resulting configuration is hydrogel encapsulated cells disposed in cell culture medium.

Beads and medium are then transferred using a pipette to a bioreactor for culturing

(Fig. 6.2G-I). In the bioreactor the beads will self-assemble to create an organized, three-

dimensional, cell culture. These neuronal cells will form a network over time which will

then also be organized.

A microfluidic channel geometry for cell encapsulation was designed and tested (Fig.
6.3). In this example, liquefied, cooled, gel mixed with cells enters the flow-focusing
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6 Figure 6.1: A schematic overview of the main ideas that represent an exemplary embodiment of the invention.

(A)Anon-limiting example of encapsulation,where a firstmixture 104 and a secondmixture 106 are provided to

microfluidic apparatus 102. First mixture 104 is gel precursor + cells and second mixture 106 is oil + surfactant.

Microfluidic droplet generation of liquefied gel mixed with cells in channel 108 leads to a configuration where

the second mixture separates zones of the first mixture. The microfluidic apparatus preferably includes a cold

zone where the first and second mixtures are input and a warm zone where the gel precursor, here Matrigel,

changes from a liquid to a gel, thereby forming the hydrogel beads with encapsulated cells. The cold zone

preferably has a temperature in a range from1-4°C. Thewarmzone preferably has a temperature in a range from

10-38°C. (B) Living neuronal cells 110 are encapsulated with a gel 112 to provide hydrogel beads. A neuronal

cell, as defined herein, means a cell found in the tissue of the nervous system, e.g., neurons. This definition

also includes supporting cells, such as glia cells, specifically astrocytes and oligodendrocytic cells. Such cells

can be derived from various sources. (C) The hydrogel beads can self-assemble to create a well-defined 3D

organization of beads such as in 114, (D) in a system such as a bioreactor in 116. Culturing the ordered

arrangement of the hydrogel beads within the bioreactor leads to a configuration such that living neuronal

cells in different hydrogel beads link with each other to form a network of neuronal cells such as in 118, and

differentiate during the culturing of the ordered arrangement of the hydrogel beads within the bioreactor. (E)
An exemplary embodiment having several optional features. Here, a microfluidic apparatus 102 for forming

encapsulated cells can be integrated with bioreactor 116. Bioreactor 116 can include electrodes 120, configured

to make electrical contact with the network of neuronal cells 118. The bioreactor can further include one or

more living cells 122 disposed on one or more of the electrodes and configured to act as transducer cells for the

network of neuronal cells.
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Figure 6.2: Anoverviewof an exemplary processing sequence to achieve an organized network of neuronal cells

by means of cell encapsulation and self-assembly. (A) A mixture of cells and a gel precursor 202. (B) Transfer
of this mixture with a pipette 204 to (C) a microfluidic apparatus 206 that generates gel beads containing cells.

(D) Beads in oil 208 are collected from the microfluidic apparatus 206 and are put through repetitive washing

steps (E) 210, 212, 214 with oil to remove surfactant and (F) 216, 218, 220, 222 cell culture medium to remove

the oil from the medium. (G) Beads and medium are then transferred (H,I) to a bioreactor 226 for culturing,

where the beads will self-assemble to create an organized, three-dimensional, cell culture 228.

section through the middle. Oil containing surfactant enters the flow-focusing sections

from the sides. Monodisperse cell-laden beads of gel containing cells are generated at

the exit channel through breaking up of the liquefied gel.

The flow-focusing geometry was embedded into a chip, which also contains

meandering channels for temperature equilibration prior to the flow-focusing section,

a straight channel section providing for a controlled temperature increase for gel bead

formation, and a temperature-stable meandering channel section providing temperature

equilibration for the gel beads (Fig. 6.4).

To provide temperature control for gel bead formation, structures were fabricated

to place under the microfluidic channel device (Fig. 6.5). In this example, a cool

chamber and warm chamber are formed by creating two chambers in one plate of

poly(methyl methacrylate) (PMMA) sandwiched between two other (PMMA) plates.

In one experiment, the bottom plate was made of PMMA and the top plate was made of

a glass microscope slide. A cold water and warm water reservoir were connected to the

cool and warm chamber respectively via tubing and pumped continuously to control the

temperature.
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Figure 6.3: An image of a microfluidic channel geometry for cell encapsulation in operation. Cooled precursor

gel with cells enters 302 from the left and oil containing surfactant 304 enters from the top and bottom.

Monodisperse cell-laden beads of gel containing cells are generated at the right channel 306. Arrows indicate

direction of flow, scale bar 308 is 100 µm.

6.2.2 Fabrication of microfluidic apparatus

The device was made of multiple layers, using standard photo- and soft- lithography

processes, combinedwith laser-cutting and gluing for the temperature control chambers.

First, a master-mold was made using photolithography, after which it was replicated in

polydimethylsiloxane (PDMS). This replica was then bonded to a microscope slide to

finalize the microfluidic side of the device.

A wafer was cleaned by subsequently rinsing it with acetone, isopropanol, and ethanol,

after which the wafer was dried with nitrogen gas. To further reduce the amount of

liquid left on the wafer, it was put on a 95°C hot plate for about 2 minutes. A 100 µm
layer of photoresist (Microchem, SU-8 3050) was coated onto the cleaned wafer using a

spin-coater (Laurell, WS-400B-6NPP-LITE).

The coated wafer was then baked on a 95°C hot plate for 50 minutes, after which the

photo-mask containing the channel designwas placed on top of the wafer. Themaskwas

covered by a clean glass plate and exposed to UV-light for 18 seconds, at 14 mW cm-2.

After exposure, the wafer was placed on a hot plate at 65°C for 1 minute, followed by a 5

minute bake on a 95°C hot plate to initiate cross-linking.

The wafer was then developed in a bath filled with developer (Micro Resist Technology,

Mr-Dev 600) under constant agitation by an orbital shaker (Cole-Parmer, EW-51300-05).

After 10 minutes, the developer was refreshed, and the wafer was developed for another

5 minutes.

PDMS base and curing agent (Sylgard
®
, 184) were mixed at a 10:1 ratio using a planetary

centrifugal mixer (Thinky, ARE-250) at 2000 rpm for 1.5 minutes. A degassing step at

2000 rpm for 1 minute was included in the mixing protocol. The mixed PDMS was

poured onto the master, and put under vacuum for approximately 1 hour, to remove any

air bubbles from the cast. The filled mold was then put in an oven at 65°C for at least 3

hours to cure the PDMS.
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Figure 6.4: A top view of an exemplary microfluidic channel device 412 for cell encapsulation. The mixing

section 408 has inlets of the oil and cell-laden gel phase (404 and 406 respectively), meandering channels for

temperature equilibration prior to the flow-focusing section, and the flow-focusing section 402 of the chip.

Both inlets contain a filtering pillar array with a spacing of 20 µm. The flow-focusing section contains an

orifice width of 40 µm. After flow-focusing section 402 a straight channel section 409 provides for a controlled

temperature increase for gel bead formation. After that, a temperature-stable meandering channel section 410

provides temperature equilibration for the gel beads.

Figure 6.5: A cross section view of the structures under microfluidic channel device such as portrayed in

Fig. 6.4, which provides temperature control for gel bead formation. A cool chamber 430 and warm chamber

432 are formed by sandwiching members 418, 420, 422 between top plate 414 and bottom plate 416. In one

experiment, members 418, 420 and 422 were all made from poly(methyl methacrylate) (PMMA), bottom plate

416 was PMMA and top plate 414 was a glass microscope slide.

After curing, the PDMS was removed from the master and cut to separate the different

devices. Inlet and outlet holes were punched using a 1.2 mm biopsy punch. The PDMS

slabs were then bonded to a glass slide using a plasma surface activation method. Dust

was removed from the PDMS slabs and microscope slides using some standard tape,

after which both were exposed to an air plasma for 45 seconds at 50 W and 0.6 mbar in

a plasma asher (Emitech, K1050X). The plasma treated slides and PDMS slabs were then

carefully connected and put in an oven at 65°C for 1 hour to finalize the bonding process.

Thewalls of the temperature control chambersweremade of PMMA,which has a thermal

conductivity that is similar to that of PDMS. The bottom of the device was laser-cut into

the shape of a microscope slide (25 x 75 mm) from 1 mm thick extruded PMMA plate.

The layer forming the sidewalls of the temperature chambers was laser-cut from 3 mm

thick extruded PMMA plate. In and outlets with a diameter of 2 mm were carefully

drilled into the sides of the cut chamber sections. The two parts were then glued together

using a slow curing silicone sealant (Dow Corning, Multi-purpose Sealant 732), which
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was applied using a 5 mL plastic syringe. After leaving the sealant to cure for at least 24

hours, the microfluidic side of the device was bonded to the assembled bottom section

using the same sealant.

6.2.3 Characterization of microfluidic apparatus

Here, a device with integrated temperature control for the encapsulation of cells in

Matrigel
®

was developed. First, a microfluidic chip was designed, having a flow-

focusing section for Matrigel
®
droplet generation, and a meandering channel section

where droplets are gelated to form beads. Temperature control chambers were added to

this chip, to achieve a temperature below 4°Cat the flow-focusing section, such that liquid

Matrigel
®
droplets can be generated, and a temperature above 10°C at the meandering

channel section to induce gelation.

The transition from liquid to gel can be assessed by evaluating the temperature profiles for

simulated flow-rates, along the center of the chip. Temperature profiles were simulated

for flow rates between 0.6 and 120 mLmin
-1
(Fig. 6.6). For the simulated flow-rates of 0.6

and 6 mL min
-1
, it is clear that the temperature curve has no constant regions. However,

for flow-rates of 30 mL min
-1
and up, the graph shows two regions with nearly uniform

temperature. Moreover, towards the higher flow-rates, the temperature profile seems to

converge to a fixed solution, although it never fully reaches the set temperatures at the

chip inlets, here set at 0 and 50°C. It can be assumed that the temperature on top of the

glass slide will never be equal to these temperatures, since the heat resistance of the slide

prevents this from happening.

Another conclusion we can draw from these simulations is that the regions of constant

temperature are slightly smaller than the temperature in the chambers. For the cold

region this is acceptable, since the inlet and flow-focusing section are centered on the

cold region, at sufficient distance from the edges. For the hot region, however, this

means that the temperature is not constant over the entire meandering channel section.

Especially near the bends in this section, temperature can be several degrees lower

than in the center. Fortunately, this is expected to have a negligible effect, since the

exact temperature is not relevant for Matrigel
®

gelation, as long as it is higher than

10°C. Between the two temperature sections, there is an approximately linear transition

between the low and high temperature, with a gradient that converges to approximately

2.9°C mm
-1
.

Using these simulations, the feasibility of the temperature control strategy has been

shown. At sufficiently high water flow-rates, vortices form inside the temperature

chambers that distribute the heat or cold over the designated area. However, the

simulations have only taken the chip itself into account, assuming perfect heat transfer

between the materials that comprise the chip.

In order to fully validate the approach, including possible heat losses in the auxiliary

equipment and tube connections, temperaturemeasurements are required. Additionally,

calibration of the reservoir temperatures is important for setting the correct temperature.

Temperature measurements were performed on the temperature control chambers, for

comparisonwith the simulated temperature profile (Fig. 6.7). Themeasured temperature
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Figure 6.6: Simulated temperature profile for flow rates between 0.6 and 120 mL min

-1
. The dashed lines

indicate the edges of the temperature chambers, and the solid black lines the set temperature at the inlets of

these chambers: 0 and 50°C. The 0 and 50°C temperatures used here are for convenience in testing the thermal

performance of the device, and are not representative of temperature that would be used in connection with

living cells.

profile on the chip for reservoir temperatures of 0 and 50°C was determined from 3

separate measurements: on the cold chamber, between the chambers, and on the hot

chamber. The temperature profile for reservoir temperatures of 0°C and 50°C was in

good agreement with the simulated profile in terms of the profile shape. However, there

are several deviations from the simulated profile, such as the higher temperature at the

cold chamber (approximately 2.5°C higher), and the slightly lower temperature at the

hot chamber (approximately 1°C lower). These differences between theory and practice

can be attributed to both limits of the simulation and physical error sources. Despite the

deviations between the simulation and the measured profile, the temperature of the cold

region is below 4°C, which is sufficient for having liquid Matrigel
®
inside the device.

A microbioreactor for 3D neuronal cell culture has been already discussed in Chapter 3.

Hence, the bioreactor used to maintain the ordered neuronal cell culture is also set up

with an open culture chamber and a cylinder (typical inside diameter of 1 mm to 5 mm)

of porous material (e.g., agarose or porous polyethersulfone) acts as an interface between

the cell culture chamber and a microfluidic channel, where the porous material allows

for medium and waste exchange into and from the culture chamber via inlets (Fig. 6.8).
The culture chamber 816 is open at the bottom to allow different substrates to connect
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Figure 6.7: A temperature profile was measured on the chip for reservoir temperatures of 0 and 50°C. The
profile was determined from 3 separate measurements: on the cold chamber (circles), between the chambers

(squares), and on the hot chamber (diamonds). The corresponding temperature curve obtained from the

simulation seen in Fig. 6.6 is shown as a dashed line.

to the culture, e.g. a microelectrode array for electrophysiological assays or a thin glass

slide for optical assays. The bioreactor wall is preferably at least 0.5 mm thick to permit

attachment to a glass substrate. Placing bead-encapsulated neuronal cells into the culture

chamber will lead to a self-assembled stacking of the encapsulating beads that can be

cultured to a state where an organized network of neuronal cells will be formed.

The significance of using such construction is that we allow for sufficient diffusion

throughout the entire culture volume. Hence we could stack multiple cell layers up

to a proven height of 400 µm; here we only demonstrated this with one cell type. The

tissuewhich forms should then bemore brain-like since the space between neuronal cells

can be filled with extracellular matrix.

By limiting the culture diameter and extending the culture in its height we can make

use of a microfluidic feedstock and waste removal via the porous wall of the cell culture

chamber in our design.

Large area cultures do not allow multilayer culture due to the diffusion limitations for

providing nutrients and removing waste. The porous wall of the cylinder may also be

realized by a biological membrane structure presenting more closely the neurovascular

system. Utilizing soft material for the channel structure may also allow one to emulate

pulsating flows similarly to conditions under blood flow. Classical well plates do not
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Figure 6.8: A preferred bioreactor configuration as seen (A) from a top view and (B) a corresponding cross-

sectional view. The bioreactor 208 has an open culture chamber 816 for easy pipetting and visibility. A cylinder

808 of porous material acts as an interface between the cell culture chamber and a microfluidic channel 804,

where the porous material 808 allows for medium and waste exchange into and from the culture chamber via

inlet 806 and outlet 807. The culture chamber 816 is open at the bottom to allow different substrates 810 to

connect to the culture, e.g. a microelectrode array for electrophysiological assays or a thin glass slide for optical

assays. The bioreactor wall 812 is preferably at least 0.5 mm thick to permit attachment to a glass substrate 810.

Placing bead-encapsulated neuronal cells 814 into the culture chamber will lead to a self-assembled stacking

of the encapsulating beads that can be cultured to a state where an organized network of neuronal cells will be

formed.

offer such capability.

The above described microfluidic device is capable of providing highly uniform gel

beads (Fig. 6.9). Gel bead radii were determined over the course of the experiment

from recorded videos of moving gel beads inside the meandering channel (Fig. 6.10).
Additionally, the gel bead generation frequency was derived by dividing the number of

counted gel beads by the duration of each movie. The average gel bead radii for four

runs are 48.4 µm, 48.8 µm, 47.3 µm, and 49.1 µm respectively. The average generation

rates and standard deviations for the four runs are 29.1 ± 0.7 Hz, 27.5 ± 0.8 Hz, 32.5 ± 1

Hz, and 26.9 ± 1.1 Hz respectively.

When comparing the average radii of the four different experiments, excellent

reproducibility is observed: all devices generate gel beads of almost exactly the same

diameter. Moreover, all experiments are in a stable generation regime, since the gel bead

radii hardly vary over the duration of the experiment. The dispersity of the gel beads,

computed by dividing the standard deviation by the average radius, varies between 2

and 3% for all experiments. This shows that the gel beads are highly monodisperse.

The generation rate, much like the average radius, varies slightly between experiments.

A lower gel bead radius corresponds to a higher generation rate. This agrees with the

fact that all experiments were conducted with the same flow-rates. It is important to note

that one of the frequency measurements deviates significantly from the others. This is

the result of a coalescence event upstream of the measurement position, which causes

temporary blockage of the meandering channel, and therefore temporary depletion of

gel beads in the measurement section. Since in this section, the gel bead generation rate

and dispersity are investigated, this measurement is excluded from all the computed
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Figure 6.9: Radii and generation rate of beads. (A) A plot of gel bead radius (referred to as droplet radius

on the figure) vs. time for a gel bead generation process in four experimental runs. Error bars indicate the

standard deviation. (B) A plot of gel bead generation rate for the four runs. The low generation rate data point

at 13 Hz is the result of a coalescence event, which is omitted from the average.

averages. However, the coalescence event does influence the dispersity of the beads that

are retrieved from the device.

In conclusion, the encapsulation device enables the stable, reproducible generation of

monodisperse gel beads with a dispersity < 3%. The overall average gel bead generation

rate is 29 Hz, which means that for the duration of an entire experiment (± 90 minutes),

approximately 1.57 x 10
5
gel beads are generated, with an average radius of 48.4 µm.

Since the aim was to produce beads with a diameter of 100 µm, and an average diameter

of 96.8 µm is achieved, this design is usable for further experiments.

6.2.4 Cell-laden gel beads generation

By way of example, further details relating to cell encapsulation in these experiments

are provided. Before cell encapsulation, the temperature control section of the setup

was filled with water and set to appropriate temperatures, with ice water for the cool

chamber to reach a temperature beneath 4°C and warm water for the warm chamber to

reach a temperature of 37°C. First, the chip outlet was connected to a sterile Eppendorf

tube, and covered with a layer of Parafilm (Parafilm, PM-996) to reduce the chance of

infection. For the continuous phase, mineral oil (Sigma, M8410) containing 4 wt.% of

a polysiloxane surfactant (Evonik Industries, ABIL EM 90) was aspirated into a 1 mL

plastic syringe (Terumo). The syringe was installed on a syringe pump (Chemyx, Nexus

3000), and connected to the continuous phase inlet using a 20 GA needle tip (Techcon

Systems, TE720050PK). Most of the inlet tube was filled with the continuous phase, by

briefly running the pump at 50 µL min
-1
. For driving the dispersed phase (the Matrigel

®

suspension), a 1 mL plastic syringe (Terumo) was filled with mineral oil (Sigma, M8410).

A 20 GA needle tip (Techcon Systems, TE720050PK) was attached to the syringe, which

was installed on a syringe pump (Chemyx, Nexus 3000).The setup was now ready for

injection of the Matrigel
®
suspension.

Right before injection of the suspension, it was homogenized by slowly aspirating and

ejecting it using a 100 µL pipette. Using this pipette, 100 µL of the Matrigel
®
suspension
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Figure 6.10: A histogram of the gel bead diameters during a cell encapsulation run in one device, as measured

by image analysis of amicroscopic video recording. From this it can be determined that gel beads are generated

with a dispersity < 3%.

was injected in the inlet of the dispersed phase, and the prepared syringe was inserted in

the tube to push theMatrigel
®
into the cooled tube section. In order to have the complete

suspension in the cooled section, the pump was briefly switched on at 20 µL min
-1
.

The chipwasfirst filledwith oil: The syringepumpof the continuousphasewas turnedon

at 20 µL min
-1
and left to fill the entire chip with oil and surfactant. After approximately

5 minutes, when oil started to flow from the outlet tube, the flow-rate was reduced to 10

µL min
-1
. The pump for the dispersed phase was set to 5 µL min

-1
, until the Matrigel

®

suspension had moved to a distance of about 5 mm from the inlet of the chip. The flow-

rate of the continuous phase was now set to 2 µLmin
-1
, and the flow-rate of the dispersed

phase to 1 µLmin
-1
. Setting these final flow-rates before the gel entered the chip ensured

that the equilibration time of the droplet generating process was minimized.

After the gel had reached the flow-focusing section, the collection of data from the

encapsulation process was initiated. Microscopic movies were made with either a

regular camera (The Imaging Source, DFK 31AU03), or with a high-speed camera (Vision

research, Phantom V9). Regular movies were captured for 30 seconds approximately

every 5 minutes, at a frame-rate of 15 Hz. These movies were made of both the flow-

focusing section and a section of the meandering channel. High-speed camera movies of

the flow- focusing section were captured at a frame-rate of 3000 Hz.

When the last of the Matrigel
®
had passed the flow-focusing section after approximately

1.5 hours, the pump for the dispersed phasewas turned off. The pump for the continuous

phase was set to 20 µL min
-1
to remove all remaining beads from the chip.

6.2.5 Neuronal cell culture

Further description of these experimental results follows. In order to investigate the

ability ofMatrigel
®
beads to self-organize in different environments, several experiments
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were carried out. The self-assembling properties were investigated in three different

environments: mineral oil, cell culture medium, and an evaporative fluorinated oil.

Stacking was assessed in mineral oil to test whether beads were monodisperse enough

to form a regularly spaced packing. However, for live cell culturing, the encapsulated

cells had to be in culture medium, such that nutrient and waste transport was possible.

The fluorinated oil was tested based on an approach for evaporative oil removal from the

literature, which should enable self-organization in an oil environment, and subsequent

transfer to culture medium.

In mineral oil, each bead was surrounded by an oil-water interface, stabilized by a

surfactant. As a result, the interaction between particles was repulsive. The driving force

for bead sedimentation and packing was provided by gravity, combinedwith the density

difference between the beads (ρ ≈ 1 g mL
-1
) and the surrounding oil (ρ ≈ 0.84 g mL

-1
).

Additionally, the beads were deformable, which enabled close packing despite the slight

size variation between beads. The combination of this deformity, the driving force, and

repulsive interactions resulted in organized stacking of Matrigel
®
beads with an average

diameter of 141 µm and a dispersity of 3.3%.

Both double layers and triple layers of beads were present in the assembly. Locally,

the beads had self-organized into a highly ordered hexagonal close packing (HCP) (Fig.
6.11). A more loose hexagonal double-layered packing was also found. The fact that

both loose and tight packing occurred in the same well was likely the result of the oil-air

interface, which was curved such that it pushed on the beads in the center of the well.

Figure 6.11: An image of hydrogel beads stacked in oil. This is an image of the Matrigel
®
beads stacked in

mineral oil, exhibiting a hexagonally close packed structure in 3D. The scale bar represents 100 µm.

It is clear that a dispersity of 3.3% or lower is enough to form an organized 3D stacking

in mineral oil. However, for cell culturing the beads have to be in medium to facilitate

interaction between cells, and nutrient and waste transport. In this situation, the driving

force and bead interactions changed, such that the stackingwas not as regular (Fig. 6.12).
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Only locally and in one layer, some hexagonal ordering was observed.

This result can be attributed to several differences between the culture medium and the

mineral oil. First, the driving force for sedimentationwas a lot less than inmineral oil, due

to the smaller density difference between the beads and the surrounding medium: The

medium is assumed to have the same density as water (ρw ≈ 1 gmL
-1
), and theMatrigel

®

density was estimated to be ± 1.01 g mL
-1
, based on the average protein concentration of

10 mg mL
-1
.

The driving force can be estimated using Archimedes principle, based on the density of

mineral oil, the density of water, and the estimated density of Matrigel
®
. This results in

a driving force of 0.05 nN in medium as opposed to 0.87 nN in mineral oil, indicating a

reduction in force of over an order of magnitude.

Figure 6.12: An image of hydrogel beads stacked in medium. This shows encapsulated cells stacked in culture

medium, showing organized beads in 3D. The scale bar represents 1000 µm.

Second, since the beads are not separated by two oil-water interfaces, matrix proteins

in different beads can interact with each other. This makes beads attractive instead of

repulsive. Third, the beadsdonot assumea spherical shape that is as smooth as inmineral

oil, which could be the result of plastic deformations during the centrifugation steps, or

the lack of an interface that forces the beads in shape by surface tension. Although

the deviations seem to be small, it could just be enough to limit the free rotation and

movement of the beads. Finally, some of the beads have aggregated into irregular shapes.

We have seen that cultured cells, here specifically SH-SY5Y cells, in hydrogel beads retain

differentiation potential. SH-SY5Y is a human derived cell line used in scientific research.

SH-SY5Y cells are often used as in vitro models of neuronal function and differentiation.

They are adrenergic in phenotype but also express dopaminergic markers and, as such,

have been used to study Parkinson’s Disease. Differentiated neuronal cell in beads were
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cultured for 10 days before fixing and staining with neuron-specific markers (Fig. 6.13A-
F). Cells were also cultured and imaged at a range of days to study progression over time,

here day 3, day 4 and day 11 (Fig. 6.14A-F).

Figure 6.13: Images of differentiated neuronal cell in beads cultured for 10 days before fixing and staining.

(A) A phase contrast image showing a group of neuronal cells in gel beads forming a network. (B) An overlay

of (A) with the neuron-specific staining β-tubulin III to show differentiation. (C) An overlay of (A) with cell

nuclei stained with DAPI (4’,6-diamidino-2-phenylindole). (D) Phase contrast image showing a close-up of

differentiated cells with neurites inside beads, with (E) an overlay with the neuron-specific staining showing

the cell body and the formed neuronal process and (F) showing DAPI used to stain the nuclei. All arrows show

neuronal processes. All scale bars indicate 100 µm.

For the cell culturing experiments discussed above, it is important to note that not all

wells contained an equally high number of beads. Some wells contained only a few

beads, which is a result of the manual pipetting steps involved. The samples with high

bead density were used for further analysis.

It is clear that the presence of a significant driving force and repulsive bead interactions

are important for self-organization. Therefore, a preliminary experiment was carried

out to test the assembly in an oil phase, followed by oil removal through evaporation.

In order to achieve this, the continuous phase was replaced by perfluoropentane (PFP),

which has a boiling point at 29°C, with a PFPE-PEG surfactant to stabilize the beads.

Since this oil is much denser than the beads (ρ
PFP

≈ 1.63g mL
-1
), the beads will rise to

the oil-medium interface instead of sinking to the bottom. Unfortunately, some practical

difficulties during cell encapsulation in PFP lead to the generation of a very low number

of encapsulated cells. Therefore, only a small scale experiment could be carried out.

Additionally, the beads were more polydisperse, as a relatively large number of beads

was generated in the initial (unstable) phase.

Two different methods of establishing the culture are tested: pipetting the beads in a µ-
plate and then addingmedium, or first adding themediumand then the beads. The latter

method resulted in the least amount of coalescence, but the reason for this is yet unknown.
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Figure 6.14: Images of cell differentiation for cells encapsulated in hydrogel beads for a range of days. More

specifically, encapsulated SH-SY5Y cells were treated with retinoic acid for 72 hours at the start, and developed

neurites, as shown for various days after culturing. (A-C) Images taken at day 3, (D) is at day 4, and (E,F) are
at day 11. The arrows show neuronal processes. All scale bars indicate 100 µm.

The beads collected at the oil-water interface, and organized in a similar manner as in

mineral oil. The fact that only a single layer of beads is visible can be attributed to the low

number of beads in the suspension. The beads seem more deformed than in mineral oil,

which could be attributed to three factors. First, the mechanical properties of the beads

might have changed, since the encapsulation had to take place at a lower temperature of

20°C. Second, the density difference between the beads and PFP is larger than in mineral

oil, which leads to a higher buoyancy force of approximately 18 nN as opposed to 0.87

nN in mineral oil. This could have increased the load on the beads, leading to more

deformation. Third, the surface tension of PFP is lower than of mineral oil due to the

lower surface energy associated with fluorinated materials, which reduces the tension

that forces droplets to become spherical. Additional experiments would be required to

confirm the cause.

The beads were left in an incubator at 37°C and 5% CO2 for 12 hours. Within the small

scale experiment with PFP, only two beads seemed to have moved from the oil to the

culture medium. In one of these beads, a viable cell also seemed to be present. However,

most beads had coalesced or reduced in size and aggregated and cells within these

gel structures seemed dead, which is likely due to nutrient depletion and buildup of

toxic metabolites. Apart from this, an oily substance remained in the wells, which was

likely the remaining PFPE-PEG surfactant. Clearly, this approach is not yet usable for

establishing an organized cell culture in medium. However, the transfer of some beads

to medium and the survival of an encapsulated cell seem to indicate that using PFP in

generating cell-laden gel beads by means of flow-focusing could be feasible in the future.
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From the performed stacking experiments, we can conclude that full spatial organization

of live cells is not yet achievable using one of the tested methods. However, we do

show that a culture can be established from the cell-laden beads, by transferring them

to medium and letting them settle in a µ-slide. Moreover, the stacking experiments in

both oils show that high levels of organization can be reached, however such levels of

organization for beads inmediumwill first require improvements to the transfer of beads

from oil to medium.

6.3 Conclusions
A method is provided that comprises the encapsulation of living neuronal cells inside

hydrogel beads; the stacking of the hydrogel beads in an ordered arrangement within

a bioreactor; and culturing the living neuronal cells in the ordered arrangement of

hydrogel beads such that the neuronal cells link with each other to form a network.

The microfluidic apparatus includes a cold zone where the mixtures are input and a

warm zone where the gel precursor changes from liquid to a gel. The cold zone has a

temperature in a range from 1 - 4°C and the warm zone has a temperature in a range

from 10 - 38°C.

The ordered arrangement of living neuronal cells in gel beads that are stacked through

self-assembly can serve new applications towards assays of neuronal network function

and structure.
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7 | General discussion and outlook

This chapter concludes the research performed and generally discusses the perspectives for utilizing the
insights and methods described in this thesis towards brain-on-chip technology.
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7.1 Introduction
The work described in this thesis focuses on developing novel approaches to study the

neurophysiological response of neuronal cell cultures, combining microfluidics, micro-

and nanotechnology and tissue engineering. In particular, it has been investigated how

certain micro- and nanotechnologies influence neuronal cell network organization to

create controllable brain models in vitro. Three types of hydrogels were investigated

for their performance in microphysiological neuronal cell culture systems as part of the

advances in 3D neuronal cell culture for brain-on-chip (BOC) technology (Chapter 2). To

this end, amicrobioreactor platformwas shown to create long-termneuronal cell cultures

on flat substrates such as commercial MEAs and microscope cover slips (Chapter 3). An

automated, image-based screeningmethodwas developed to derive quantitative data on

neuronal differentiation and neurite guidance on nanogrooved patterns (Chapter 4). The

lateral and height dimensions of nanogrooved patterns were assessed for their impact

on neuronal cell culture differentiation and neurite guidance (Chapter 5). Further, an

entirely new 3D engineered culture concept was invented by means of self-assembled

stacking of cell-laden hydrogel beads and investigated (Chapter 6). In this chapter, the

implementation of these findings are explored for their different merits in integrated

brain-on-chip systems and the work is summarized. In conclusion, an outlook on the

potential and impact of the concepts presented in this thesis are given, showing how the

next stage of research can expand and improve upon this work.

7.2 Implementing neuronal cell network organization into
brain-on-chip

Studies have shown the importance of 3D neuronal cell culture for obtaining

physiologically relevant information [1, 2]. Achieving organization of neuronal cell

cultures is one the main themes of this thesis. Controlling this organization will create

the opportunity to form neuronal cell networks that resemble structures as found in the

brain, for example the cortical column , enhancing the in vivo-likeness of BOC-based

models. Also, the specific organization may influence the electrophysiological activity

of the network, for instance by changing the firing rate of neurons [3]. It is therefore

relevant to discuss the strategies that can be used when implementing the approaches

studied in this thesis.

Chapter 2 alreadydiscussed several aspects that need to be addressed in BOC-based brain

models: facilitating 3D conformation of cell soma and neurite outgrowth ideally at the

level of a single cell; understanding the impact of nanoscale cues of culturematerials used

as substrates in 2D and their potential implementation in 3D cell cultures environments as

these cues impact alignment of neurite outgrowth; and selecting culturematrix materials

best suited to act as a 3D scaffold structure to be applied by a simple pipetting action. With

the tools gained from thework presented in Chapters 2 - 6, a strategy to create better brain

models by BOC technology should also integrate: a microfluidic environment without

shear stress on the cell culture from fluid flow; optimizing and creating local regions

within neuronal networks by compartmentalizing and guiding focal adhesion processes;

facilitating reproducible 3D conformation of cells and the neuronal network supporting

the development of a robust read-out for culture-based bioassays.
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The microbioreactor as designed in Chapter 3 offers several ways to add functionality

to BOC-based brain models, which are basically a microfluidic environment. The press-

fitted PES tube within the PDMS gasket acts as a culture reservoir and a membrane,

which ensures that the neuronal cell culture is not directly exposed to fluid flow or shear

stress induced by this flow. This concept is somewhat similar to how blood-brain-barrier

(BBB) chips or transwell plates separate fluid flow and neuronal cell culture [4] but

allows for an easy implementation of a 3D configuration of the neuronal cell network by

extending theheight of the culture reservoir. Compared toBBB chips, themicrobioreactor

design also allows for a straight-forward integration of microelectrode arrays, either

commercially available or other variants such as microsieve electrode arrays (µSEA) [5],

whilst maintaining visibility during cell culture from the top-side of the culture reservoir.

Another potential advantage of the way the PES tube is incorporated, is that in principle

any biocompatible material with similar dimensions and membrane properties could be

placedwithin themicrofluidic PDMSgasket to fulfill the same role in themicrobioreactor.

This adds an opportunity to control the microenvironment of the neuronal culture.

An example of this is shown in the work at the laboratory of Steven Kushner at the

Erasmus MC in the Netherlands (Fig. 7.1A), where the use of a mm-sized well for 3D

human induced pluripotent stem cell-derived (hiPSC) neuronal cell culture resulted in

the recapitulation of several key aspects of early human brain development [6]. The

culturing of hiPSCs results in self-organization into an organoid with heterogeneous

subregions [7], but the combinationwith an environmental constraint, here shape, results

in an organoid with a layered architecture similar to the cerebral cortex. To incorporate

this concept into a microbioreactor platform, a preliminary study was performed using

differently shaped wells, from circular to square shaped wells and clover-shaped wells,

that could induce additional neuronal networkorganization. However, currentworkwith

differentiated SH-SY5Y in 3D in Matrigel cultured for 21 days did not form organized

structures or organoids similar to those seen with hiPSCs cultures (Fig. 7.1B). This is

most likely due to hiPSCs behaving and responding more realistically than SH-SY5Y

cells by forming substantial neurite outgrowths and connections and hence maturing

into electrophysiologically active neuronal cell networks. As such, advancing this early

study would benefit from using hiPSCs to reproduce and potentially capitalize on the

effects of the shape of the environment.

Chapter 4 shows an effective method for neuronal cell culture screening of nanogrooved

patterns with a range of dimensions. Chapter 5 shows a study performed using the

screening method in combination with quantification of the underlying patterns to

incorporate and optimize the bottom-up engineering of neuronal network organization

by means of nanogrooved pattern dimensions. These studies are necessary to ensure

optimal use of nanogrooves, or other nanotopographies for that matter, when integrated

into BOC-based brain models. To reverse engineer brain regions or cortical columns,

it is necessary to accommodate for the different subregions that each have their own

organization. Nanogrooves could be positioned in parts of a neuronal cell culture

reservoir to locally induce anisotropy into neurite growth (Fig. 7.2A). Another possibility

is the combination of nanogrooves with aMEA or µSEA. Previously, displacement Talbot

lithography was used to pattern nanogrooves onto a µSEA to combine the benefits

of well-defined placement of neuronal cells in the microsieve electrode pockets for

electrophysiological read-out and the nanogroove guidance effect [8] (Fig. 7.2B). It
has been shown by other groups of researchers that micro-patterns guiding neuronal
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Figure 7.1: (A) Example of amicroscopy image of 3D human brain organoid created bymeans of differentiating

induced pluripotent stems cells (green). The layered architecture within the organoid shows similarities to the

cerebral cortex, with the shape of the well showing an impact on the overall structure of the organoid. Image
courtesy by van der Kroeg and de Vrĳ, Laboratory of Steven Kushner, Erasmus MC © 2017. hDMT. All rights reserved.
(B) Example from a maximum intensity projection image from a confocal imaging z-stack of a preliminary

experiment to reproduce the work in (A) with differentiated SH-SY5Y in a clover-shaped well (indicated by

dashed white lines). Despite the cell distribution throughout the well, SH-SY5Y cells do not display the same

level of neuronal network organization. SH-SY5Y cells were stained forβ Tubulin III (red), F-actin (green) and

cell nuclei (blue). Scale bars in the images depict 1 mm.

networks result in different signal read-out compared to neuronal networks on flat

substrates [3, 9]. Considering the guiding effect of nanogrooves, similar differences

between nanogrooves and non-guiding substrates can be expected and should be studied

accordingly.

As described in Chapter 2, nanogrooves also have an influence on neuronal network

organization into 3D,up to severalµmaway from thenanogrooved substrate. This effect is

limited, but a strategy to achieve neurite alignment throughout a 3D neuronal cell culture

may be to use biodegradable nanogrooved substrates. An example of a biodegradable,

biocompatible substrate that allows for nanoscale feature replication is a cross-linked

casein film [11, 12], which can be created by casting a casein mixture containing a cross-

linking agent onto a patterned PDMS surface. These casein substrates are then used

in a cell culture experiment and degrade in hours, days, or weeks, depending on the

casein mixture composition. Potentially, cells in hydrogel could be cultured onto casein

substrates, which are stacked (Fig. 7.2C). Stacking of casein substrates may lead to areas

of cell culture where nutrients and oxygen do not diffuse properly, however these effects

may be mitigated by employing radial diffusion of medium to the cell culture instead

of top-down as typically done in conventional well plate cultures. Here, the use of a

microbioreactor such as described in Chapter 3 may provide a solution.

Organized 2D neuronal cell cultures have been shown as accessible and efficient means

to perform neurotoxicity tests [13]. Whilst neuronal network organization through the
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Figure 7.2: Schematic examples of implementation of the concepts from this thesis in BOC technology (A)

Distinct regions of nanogrooves on a substrate induce neurons (depicted as green circles) to form localized

aligned neuronal networks. (B) Fabrication of nanogrooves onto a µSEA, which has an electrode array with

micropores capturing single cells in 3D conformation at each electrode, will direct the neuronal network formed

between the captured cells. The zoomed in section shows an actual part of a nanogrooved µSEA visualized

by SEM, with a quarter segment of a micropore surrounded by nanogrooves. SEM image adapted from Xie et
al., Displacement Talbot lithography nanopatterned microsieve array for directional neuronal network formation in brain-
on-chip © 2015. Open Access publication by JVSTB under the Creative Commons Attribution License (CC BY). (C)
3D, ordered neuronal networks may be achieved through stacking of biodegradable, nanogrooved substrates

such as made from cross-linked casein (depicted in black) with neuronal cells cultured in hydrogel (depicted

in pink) on each layer of casein. To ensure all cells receive sufficient oxygen and nutrients, these stacks could

be place in a microbioreactor that allows for diffusion of oxygen and medium from the sides due to the porous

PES tube (depicted in grey) surrounding the neuronal cell culture. (D) Ideal, combined integration of the work

presented in this thesis. A microbioreactor on top of a nanogrooved µSEA as depicted in (B) would enable

organized 2D neuronal network organization. As previously discussed by Schurink [10] the cells captured in

an electrically functionalized microsieve can then function as transducers for signals from the 3D network that

is more representative of in vivo-like behavior. In addition, the use of cell-laden hydrogel beads on top of the

2D network would allow for 3D neuronal network organization, where the stacking organization of the beads

(and hence the cells) can be tuned by bead size distribution.

means of nanogroovesmayalso greatly aid in bottom-upengineeringof such typeof brain

models, network organization between each cell culture reservoir or batch of experiments

performed in 3Dmayvarydue to the highlydisorganized fashion inwhich cells are added

to a system. These variations in neuronal connectivity from reservoir to reservoir occur

due to migration of cells and the cell seeding at the start of an experiment, where the

randomdistribution of cells throughout the 3D volume lead to regional differences in cell

density within the reservoir. This disorganization in cell culture further leads to a less

well-defined and non-reproducible cellular architecture and increases the complexity of

analysis. To facilitate reproducible 3D conformation of cells and the neuronal network,

Chapter 6 describes a concept to create highly organized and reproducible neuronal

cell culture in 3D. Although expanding into 3D by means of cell-laden hydrogel beads

that self-assemble into highly organized 3D neuronal cell cultures is still challenging

as seen from the results in Chapter 6, the concept is a valuable addition to the toolbox

of BOC-based models, To further improve such a system, strategies to retrieve high

yields of monodisperse beads that contain cells from the oil phase are required, and

the particular approach will depend on the choice of oil and surfactant. Commercially
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available, biocompatible surfactant such as Pico-Surf™within the oil in addition to using

an emulsion breaking solution such as Pico-Break™, may aid in successful bead retrieval

due to the gentler approach to separate beads from the oil as compared to centrifugation.

A preliminary study into the use of on-chip microfluidic separation was also performed.

A micropillar array Fig. 7.3) that forces beads from one channel position to another by

physically limiting the position of a bead in the channel was designed [14]. However,

the array is prone to clogging, and beads can still slip past the array instead of moving

from the oil phase into the aqueous phase. The use of different oils and surfactants or

micropillar arrays does not solve the issue with the low percentage of hydrogel beads

containing cells. Either optimization of cell distribution within the aqueous hydrogel

before the flow-focusing section or selection of beads after flow-focusing based on content

is required. Potentially, cell distribution prior to a flow-focusing section can be done by

means of using spiral microchannels that employ Dean flow dynamics which position

particles within the microchannel [15]. An option for selection of beads after flow

focusing could be achieved by means of microelectrodes that employ dielectrophoretic

forces to sort beads [16] in combination with a method to detect whether a bead contains

a cell or not. Improved control over cell encapsulation would also allow for investigating

functional differences between one or multiple cells per beads within the 3D neuronal

network, as the number of connections each cell can make is limited.

Figure 7.3: Schematic overview of a micropillar array (A) The micropillar array functions as a physical guide

that allows for hydrogel beads within an oil with surfactant to be forced into a microfluidic flow of medium

through an intermediate flow of oil without surfactant. The efficacy of the system depends on the size and

distance between pillars as well as the slope with which the pillars are positioned within the microfluidic

channel. (B) Impression of a design for the micropillar array in a microfluidic channel, zooming in on the first

part of the channel with inlets for oil containing surfactant and hydrogel beads, oil and medium. [14]

To summarize, the implementation and the suggested improvements of the

aforementioned methods to create nano- and microengineered neuronal cell networks

could address key aspects that advance the research field of BOC technology. The

microbioreactor provides a microfluidic environment without shear stress on the cell

culture from fluid flow that can be expanded upon by utilizing shape and material

properties. Integrating nanogrooved patterns into current BOC technology can create

local regions within neuronal networks by localized placement of nanogrooves. Also,

facilitating reproducible 3D conformation of cells and the neuronal network could

be achieved through stacking of cell-laden hydrogel beads generated by means of
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a microfluidic flow-focusing device. Ideally, these concepts together create a BOC

system (Fig. 7.2D), with a microbioreactor on top of a µSEA, wherein nanogrooves

are applied to the µSEA substrate for both 2D neuronal cell network organization and

electrophysiological read-out, and cell-laden hydrogel beads on top of the 2D-organized

neuronal cell network to provide an organized 3D neuronal network. Alternatively, as

suggested for future outlook of BOC advances, also regional nanogrooves (Fig. 7.2A) for

the 2D neuronal network or stacked biodegradable nanogrooved substrates for the 3D

neuronal network (Fig. 7.2C) could be implemented.

7.3 Functionality of neuronal cell culture in brain-on-chip
The work in this thesis primarily focuses on morphological studies of cellular

organization for in vitro brain models. However, another important component that

should be studied is the function of such brain models, specifically the electrophysiology

of the neuronal cell network. The electrophysiological activity of the network and its

read-out is essential to study how the brain functions and how brain disease disturbs this

activity. It is therefore the combination of form and function of an in vitro brain model

that enhance the clinical relevance of BOC systems.

Measuring the electrophysiological activity of neuronal cell cultures can be done by

means of electrical systems, such as MEAs and µSEAs, or via optical assessment, such

as calcium imaging. The SH-SY5Y cell line has been used throughout this work,

however preliminary results for electrophysiological measurements on commercially

available MEAs as described in Chapter 3 were also performed using hiPSC cortical

neurons. Literature shows that when SH-SY5Y cells are differentiated using a cocktail

of growth factors, they show physiological behavior similar to neurons [17], but with

high variability in their electrophysiolofical response [18]. It is therefore paramount to

continue experiments with regard to electrophysiological activity of neuronal cells with

the hiPSC cortical neurons that behave more reliably and realistic compared to SH-SY5Y

cells.

By means of example, calcium imaging on differentiated SH-SY5Y cells on nanogrooved

patternswas alsoperformed (Fig. 7.4A). Basedonpreviousworkwithprimary rat cortical

cells on a nanogrooved actuator chip [19], using the Fluo-4 Calcium Imaging Kit (F10489,

Molecular Probes) as per manufacturer guidelines [20] resulted in successful imaging of

intracellular Ca
2+

activity in SH-SY5Y cells, where cells were cultured on nanogrooves

following the protocols as described in Chapters 4 and 5. Subsequently using calcium

imaging software, such as used in a spatially standardized neuronal network utilizing

single cell trapping [21], can show the Ca
2+

flux of individual cells over time and by

means of cross-correlation also the network of cells involved (Fig. 7.4B-D).

7.4 Outlook for brain-on-chip technology
BOC technology has the potential to advance in vitro brain models and thereby our

understanding of human brain physiology and pathology. Typically, work such

as presented in this thesis aids towards creating functional in vitro brain units in

physiologically relevant microenvironments with integrated technology for cell culture

analysis. However, several challenges still remain to further develop these innovations
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Figure 7.4: Calcium imaging of differentiated SH-SY5Y cells after 2 months of culture on a nanogrooved

pattern. (A) Image of intracellular calcium levels in SH-SY5Y cells, with white arrows in the zoomed in sections

showing a distinct change in intracellular calcium levels. Scale bars indicate 50 µm. (B) Example selection of

cells for which the measured light intensity is shown (left graphs) and the rate of change (right graphs). Green

lines indicate presence of substantial fluctuations, peaks, in intracellular levels of calcium ions. (C) Visual
representation of the peaks found for each cell, where color depicts the time at which peaks were detected and

the circle size depicts the number of peaks detected for each cell, with larger circles representing more detected

peaks. (D) Visual representation of inter-connected neuronal cells, where cells that are within a set threshold

show simultaneous peaks, which are shown by means of red lines.

into predictive preclinical products that can be utilized by pharmaceutical industries

for drug development and in a clinical setting for patient-specific models. Translation

from research on BOC, and organ-on-a-chip in general, towards viable and widely

employable models is very challenging but also holds great potentials. To bridge the

gap towards relevant products for end-users such as the pharmaceutical industry and

clinics, validation beyond pilot experiments are desired. [22, 23]

Besides, disease models, the design of experiments that can aid in the fundamental

understanding of how the brain works by current BOC technology are also important.

For example, the topography of the microenvironment of neurons incites neuronal

functioning and differentiation throughmechanotransducive processes. These processes

are still unclear and a better insight into the relevant proteins and signaling cascades,

for example by means of nanogrooved culture substrates, would benefit such studies.

An approach utilizing the large-scale studying and profiling of proteins, proteomics,

has shown potential to further elucidate these complex processes [24]. Furthermore,

an approach to the development of next generation BOC-based models could be to
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incorporate designed functional brain units into larger systems with multiple units.

This could mimic the interaction between brain regions and what happens if a region

is perturbed. Mimicking the interaction of brain regions in vitro may be of interest to

compare against functional imaging of the brain, such as done by means of functional

magnetic resonance imaging and electroencephalography [25], whilst perturbations may

show how diseases such as Alzheimer’s or epilepsy in one brain region may affect the

other.

To conclude, advances in BOC technology will aid the development of functional

neuronal tissue resembling the brain microarchitecture with connectivity that can be

tailored to mimic specific pathological scenarios. These developments are essential for

achieving relevant preclinical human brain models and a fundamental understanding

of the brain from the intracellular and protein scale to the scale of the whole brain. As

part of these endeavors, this thesis shows how neuronal cell network organization can

be influenced by means of microfluidics, micro- and nanotechnology as well as tissue

engineering approaches.
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