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1
Introduction
This chapter describes the background and goals of a brain-on-chip and outlines the
challenges of the project: The terminology, definitions and state-of-the-art of
deciphering brain functions outside of a living organism are discussed and an overview
of current technical concepts, tools and applications are given. Finally, an outline of
this thesis is presented providing a short description of the contents of each chapter.



Chapter 1

1.1 Brain-on-chip
The work described in this thesis has been performed within the larger framework of
the ”MESOTAS” project (grant number 280281) which is financed by the European
Research Council (ERC). MESOTAS stands for Mesoscale Total Analysis Systems,
which can be utilized for the investigation of miniaturized, three-dimensional cell
cultures. Since the scope of this PhD project is microsystems technology for brain-onchip, here, the focus is on the improvement of existing culture approaches for the study
of neuronal tissue in-vitro, combining recent developments in micro and
nanotechnology, tissue engineering, microfluidics and neuroelectrophysiology.
The research was carried out at Mesoscale Chemical Systems (MCS) in affiliation with
the MESA+ Institute for Nanotechnology of the University of Twente, The Netherlands
and the Microsystems group at the Mechanical Engineering department of Eindhoven
University of Technology, The Netherlands. First, the following sections sketch the
multidisciplinary character of this PhD project and introduce the reader to the common
terminology used in this field of research. Subsequently, in the last two sections the
aim and the outline of this thesis are summarized.

1.2 Background: investigating brain functions
The most complex organ of our body, is the brain, which is part of the central nervous
system. Basically, the brain acts as a central processing unit (CPU) for obtaining,
analyzing and storing data in the biological domain. The brain consists of the cerebrum,
composed of the right and left hemispheres enabling higher cognitive functions, the
cerebellum, coordinating muscle movement, and the control center called the
brainstem. For this project, we are mainly interested in the surface of the cerebrum,
the cortex, which contains the majority of nerve cells. 1
In ancient times, the brain was solely seen as “cranial stuffing” and the heart was the
center of intelligence. Many years later, during the Roman times, this believe was
corrected. In many cases it was observed that patients who suffered brain damage lost
mental capabilities. Only after the introduction of the microscope for the study of
neuronal tissue in the mid-to-late 19th century, the intricate structure of an individual
cell was revealed, which was later identified as a neuron, of which various different
types were found throughout the brain. 2 Researchers further revealed that different
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locations of the brain appeared responsible for certain functions, known as the
Brodmann areas. 3 By also revealing the electrical properties of neurons and their
signal transmission in a large neuronal network, a new era of the neurosciences found
its establishment. In the mid of the last century, a mathematical model was developed
for the transmission of electrical signals, which was later revised multiple times after
several major discoveries, for instance the synapse. 4 There are still many mysteries
about the brain and much more research is required to better understand its functions
and diseases.

1.3 Technical measurement concepts in neurology
The extreme complexity of the brain is the main reason that major advances in
neurology were just made throughout the last twenty years. The advent of brain
imaging techniques such as Magnetic Resonance Imaging (MRI), X-ray Computed
Tomography (CT) and Positron Emission Tomography (PET) revolutionized the
knowledge of brain physiology related functionality of these physiological processes.
Also, the ability to measure brainwave activity using electroencephalography (EEG)
and locally stimulate the brain by non-invasive technologies, for example transcranial
magnetic stimulation (TMS), contributed to the study of the neurocircuitry, as a model
for pathology and pathophysiology. 5
In

addition

to

full

brain-imaging

and

monitoring,

scientists

developed

neurophysiological techniques outside of the organism yielding single neuron
resolution. Hereby, the complex overall composition of the neurocircuitry can be
simplified to study only a segment of the brain, which can be considered a neuronal
network. Hereby, the brain’s physiological or pathological performance can be
explored at the level of individual cells and molecules using in-vitro systems. The most
commonly used techniques for in-vitro neurophysiology are optical imaging, in which
cells or organelles are distinctively stained, and the techniques which record and
stimulate cells by the application of electrodes. The latter can be performed by either
patch-clamping, using the suction of a micropipette for measuring transmembrane
potentials or cells can adhere to microfabricated electrodes on a chip. 6 Both
intracellular and extracellular recording and stimulation can be performed, depending
on the design of the electrode. For intracellular neurophysiology, often metal needles
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or micropipette electrodes need to penetrate the membrane of a single cell, which itself
is a laborious procedure for a single unit recording. Henceforth, during the last four
decades frontiers in the neurosciences started to implement chip technology. 7 8 These
developments led to the so called integrated multi-electrode arrays (MEAs), which is
preferably called a microelectrode array since the dimension of a single electrode is in
the micrometer range matching the average diameter of a cell soma as a current
commercial standard. 9

1.3.1 Optical imaging
Brain imaging with a single neuron resolution by optical techniques relies on a specific
indicator introduced as a chemical dye or a genetically encoded marker. A well-suited
target for these indicators is the calcium ion, which generates versatile cellular signals
that determine a large variety of functions in especially neurons. To visualize these
calcium indicators, imaging techniques as (epi-) fluorescence, confocal and two-proton
microscopy are utilized to monitor the changes in the free intracellular calcium
concentration and the monitoring of intrinsic signals. 10 The large amount of calcium ion
related functions is also a predominant disadvantage, as this indicator is not directed
to a specific process of just a single cell type. In addition, chemical dyes tend to
compartmentalize and are eventually excreted, which limits this technique to shortterm (few minutes) recording experiments.

1.3.2 Patch clamping
This technique is used to measure electric activity of a single cell. Multiple methods for
patch clamping were developed, including specific patches for the study of ion-channel
function, acquiring signals form parts of a cell membrane or enable whole cell
measurements by cell membrane disruption. 11 All these techniques are based on
measuring ion flux in a micropipette, which increases when ions are transported over
the cell membrane by the ion channels. Recorded changes in ion concentration, or so
called action potentials can be used to study the function of single cells within its
neuronal network or the detailed composition and the behavior of a cell’s membrane
material.
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1.3.3 Intracellular measurements
An intracellular measurement is considered a very valuable technique, which offers the
possibility to collect nearly all electrophysiological cell signals and can make a
distinction between the origin of the signal if multiple cells are being recorded. 12

13

As

the name suggests, here the electrode is brought into the cell by hand utilizing a
precision micromanipulator to obtain a superior electrical coupling. This way of working
enables an accurate readout of the full dynamic range of voltages that are generated
by the cell without distorting the readout over time. The use of such sharp out-of-plane
electrodes, however, is limited to a few individual neurons at an experimental time
point. Maintaining a proper coupling over time is practically very challenging due to
mechanical and biophysical instabilities in a soft tissue. Also, at the level of a single
cell, mechanical instabilities could damage the cell membrane, as it is penetrated by
the electrode.

1.3.4 Extracellular measurements
As already mentioned, in the case that the cell membrane is not penetrated, next to
single electrodes, also planar integrated arrays of electrodes can be used for the
recording and stimulation of large populations of excitable cells on a microelectrode
array (MEA). 14 15 16 With such type of MEAs extracellular field potential recordings can
be performed both in-vitro and in-vivo. Indirect spike activity can be measured of
individual neurons, synaptic potentials, slow glial and the superposition of fast action
potentials in the time and space domain. To successfully detect and record these
signals the quality of the coupling between the cell and the electrode is an important
parameter. 17 Variables in the coupling efficiency include the electrode material as well
as the surface area, which is occupied by the cell and potentially result in an increase
of the signal-to-noise ratio. However, even with an optimized coupling, the
mechanisms or inputs of the origin of such signals generating these field potentials are
in practice not retraceable to its source, as the architecture of the network is hardly
ever completely known. In relation, valuable information of silent, occasionally firing,
neurons and subthreshold potentials, which are presented by the majority of the brain
cells, cannot be detected with the use of a conventional MEA. Despite this limitation,
extra-cellular recordings can be very useful and have demonstrated a great practical
advantage by collecting a large number of signals simultaneously and without the labor
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intensity of intracellular probing single cells. In addition, extracellular recordings can
be performed over long periods of time (weeks to months) and therefore enable studies
of network plasticity and neuronal development in comparison to cell invasive or cell
membrane disrupting technologies.

1.4 Extracellular recordings by microelectrode arrays (MEA)
Already mentioned briefly in section 1.3, extracellular recordings can be utilized for invivo and in-vitro applications. Beside neuronal electrical activity also electrical signals
from (cardio)myocytes can be obtained and manipulated. 18 For invasive in-vivo
extracellular recordings, thin needles, wires or flexible (silicon) arrays are inserted at
the desired location in (brain or muscle) tissue of the organism. Multiple densely
packed microelectrodes present on the needle(s) allow to record and stimulate
neurons from multiple points in space and time. 19 20 21 22 For in-vitro applications, cells
or tissues are introduced atop of an electrical transducer array containing multiple
electrodes of which a wide variety of geometries are mentioned in the literature. 23
Different configurations of the same class of devices include multi-transistor arrays,
microelectrode arrays or multi-electrode arrays (which are all abbreviated as MEAs),
as well as micro-nail arrays, capacitive-coupled arrays, and the so called 3D MEAs,
which refers to a device consisting of spiked microelectrodes or even nano-electrodes
rising out of the plane of a chip, like a bed of nails. 24

25 26 27 28

In this project, we focused on the optimization towards maintaining the threedimensional morphology of a cell when it is plated on the electrode MEA in an in-vitro
experiment. The classic commercial configuration of a MEA is based on a glass
substrate containing an array of 60 planar microelectrodes (sensing electrodes), each
of which is connected to a contact electrode. The electrode material used for these
connections is electrically isolated from each other. Materials used for the fabrication
of these MEAs need to be compatible with the delicate biological material (i.e. the
cells). The common MEAs in literature generally consist of a glass surface, including
electrode materials (such as gold, platinum, titanium nitride, indium-tin oxide, etc.) and
isolation materials (such as silicon nitride, silicon oxide, polyimide, photoresist,
polydimethylsiloxane or Parylene). 29 Clearly, the deposition and patterning of these
materials need to be compatible with microfabrication techniques, whereby the
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electrode material must be able to achieve a low impedance and the isolation material
a high resistivity. 30

31

Once cells have been adhered to the electrode surface and a

network has been formed, electrical currents result from the ionic processes in the
network, which can be measured by the change of the electric field in the extracellular
space between a cell and an electrode. The ionic process, which is of great interest in
such recording experiments, is the one generating an action potential (AP). An AP
occurs when a neuron’s transmembrane potential reaches a threshold due to
stimulation or signal transduction via cell to cell interactions.32 Once such an AP
exceeds a threshold, a large negative voltage change can be recorded as a “spike”.
During such an AP event an influx of sodium ion takes place, followed by a slow efflux
of potassium ions, which produce a small positive spike. 33 An AP can be successfully
measured depending on the distance of the cell from the recording electrode. In
general, optimal recordings of extracellular AP (and possible other electrical signals)
of a single cell require a tight seal by a good coupling between the cell and the
electrode. Hereby, a single cell should occupy as much of the sense electrode surface
as possible to minimize background noise of other cells either in a cultured neuronal
network re-grown from dissociated cells or a brain slice. The electrode material and
shape contributes to the signal to noise ratio (SNR), of which a high SNR can be
obtained with a low electrode impedance. Although, relatively speaking, a larger
electrode results in a lower impedance, more background noise can be expected. A
solution to still achieve a low electrode impedance, without increasing its diameter, is
by increasing the electrode’s effective surface area by porous conductive materials.
Therefore it is preferred to increase the electrode surface area by nanostructures,
which supports a good electrical coupling by a good mechanical coupling. In
conclusion, the shaping of sense electrodes at the microscale assists in obtaining a
lower impedance, too, as hereby the cell can adjust its shape and engulf the available
electrode surface, which also effectively lowers the impedance and quality of the
recordings. 34

1.5 Improving the conventional MEA
A revolution in cell culturing has been seen in the last two decades, too, in which 3D
culturing in a gel became the state-of the-art, in research activities, with the goal to
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mimic the in-vivo situation more closely and allow for a physiologically more relevant
study compared to the environment in a petri dish, while a petri dish itself may also be
an advanced version facilitated by microfluidic lab-on-chip technology. This revolution,
however, has not been fully incorporated in the field of in-vitro neuroscience and
neither in commercial activities, yet. The conventional planar MEA designs are still the
norm, which rely on random seeding of neuronal cells to form dense 2D neuronal
networks on top of the surface of the electrodes for extracellular electrophysiological
recording and are so far limited to neurons harvested from an animal, mostly rodents.
Some improvements to guide the order of cells have been made by chemical surface
modifications or the implementation of compartment structures, such as microtunnels,
which have the potential to introduce microfluidics on to a MEA chip and might support
some level of 3D expression in the cultured neuronal networks. 35 36 These microfluidic
structures are mainly made by polydimethylsiloxane (PDMS) soft-lithography and are
reversibly bonded to the MEA surface just prior to the culture experiment. While
interesting new studies of these unique neuronal networks can be designed the
question remains if the transduced signals could be further improved with respect to
physiological relevance by allowing the cells also to take a 3D shape connecting with
the electrode.

1.6 Novel concepts: organ-on-chip
The increasing demand for a reliable platform for drug discovery and studying diseases
has resulted in the development of a new research field, the organ-on-chip. The
foundation for the organ-on-chip is essentially based on the miniaturization of
laboratory techniques into a chip format thanks to advances in microfluidics dealing
effectively with very small sample volumes and other types of small scale, operator
independent manipulations by sensors and actuators integrated in the so called labon-chips. 37 A lab-on-chip enables high-throughput, controllability of liquids and (realtime) analysis. The organ-on-chip is, however, dedicated to the culture of cells
mimicking the function of an organ in a more natural environment and gaining a high
control of the activity of individual entities, like cells and molecules, in these novel invitro tissues. 38 In contrast to conventional 2D cultures, the cells are cultured in a 3D
fashion, which better represents the complexity of living tissue. State-of-the-art 3D cell
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culture plates include material, such as hydrogels or self-assembly synthetic peptides,
to resemble the extracellular matrix (ECM) of tissue. These formats of culture plates
may even facilitate miniaturized volume handling in microtiter plates in conjunction with
robotic fluid dispensing. An organ-on-chip approach, however, allows the incorporation
of a specific distribution of cells in the extracellular matrix (ECM) and provides a
multiscale architecture to define the interfaces of cells in co-culture to form the
essential function of the organ of interest and the controlled manipulation of biological
processes in time. This facilitates the screening of large data sets and data mining in
correlation with recent efforts in genomics and proteomics. Cells in their natural
environment are exposed to mechanical stresses: shear stress, compression and
tension, which have all an important role in the formation of tissue and contribute to
the organ’s functionality, as we know it from developmental biology. 39 Oppositely,
changes or instabilities in these mechanical forces may result in adverse reactions in
the tissue triggering a bioprocess that leads to cell death and may even be the source
of certain types of pathologies. 40 Hence, it is important to be able to control these forces
and carefully design an experimental setting to allow for the development of
physiologically relevant disease models with appropriate readouts, including visual and
biochemical screenings. In the case of neuronal cells, it is very useful to also allow for
electrophysiological measurements within such a controlled multiscale architecture.
Subsequently, organ-on-chip technology provides a quantum leap in cell culture
technology to address the above mentioned aspects.

1.7 Aim of this work: microfabrication technology for brain-on-chip
In brain-on-chip research the aim is to develop a brain model, in agreement with the
organ-on-chip principles. It will provide an in-vitro tool for advancing the
experimentation in neuroscience. The fundamental idea is the enhancement of the
current planar layout of a commercial in-vitro MEA chip and expand this application to
recording experiments in 3D neuronal microcultures.
First, a microculture system has been designed and fabricated which is compatible
with an electrophysiological readout apparatus (a commercial MEA reader) and which
supports 3D culturing under specific conditions to emulate the in-vivo situation. To
reach this aim, a single-use PDMS microfluidic chip has been developed, a so called
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microbioreactor, facilitating a sustainable 3D culture atop of a MEA device and
providing a maximal medium inflow without disrupting the 3D culture by shear stress.
Besides the support of 3D culture of brain tissue atop of the MEA, we hypothesized
that the brain-model developed in due course of this project should also allow for a
physiological relevant extracellular recording of cells maintaining their 3D morphology
while being connected with the electrodes. Directing cells towards the sense
electrodes in a MEA could potentially allow for a minimal electrode size, favoring SNR,
and prevent noise interference of neighboring cells during the recording. In addition,
the positioning of a single cell on a single electrode would allow for cell identification,
potentially allowing us to trace signals to a specific position in the network. This
principle further allows for recordings of a neuronal network not only within a 3D
configuration, but also with reference to specifically designed neurocircuitry studies in
the future. The realization of such a MEA system, including electrode integration on
the surface of cell position sides, requires high-end nano- and microfabrication
techniques and compatible materials.
By means of the results described in this thesis, providing both a microfluidic chip for
3D culturing on top of MEA devices and a novel microfabricated MEA device allowing
3D culturing of single cells positioned on electrodes, a novel and unique contribution
has been made towards brain-on-chips.

1.8 Thesis outline
In this work progress has been made to forward engineer the brain on a chip for
electrophysiological measurements. This chapter 1 provided a general introduction into
the research topic and the essential terminology of the field of work was given. In
chapter 2, the latest advances in 3D neuronal culturing are presented within the
framework of the MESOTAS project, combining different multidisciplinary aspects with
a specific focus on emulating ECM and creating 3D pores for cell seeding. Chapter 3
introduces the novel hybrid microbioreactor as a tool for 3D cell culturing on a
conventional MEA. In chapter 4, this hybrid bioreactor is further explored to realize an
on-chip biochemical readout from a 3D culture by microchip capillary electrophoresis.
The development towards a novel 3D MEA device are provided in chapter 5, which
describes the microfabrication process of a highly uniform sieving structure consisting



Introduction

of 3D pores opting for highly parallel single cell positioning. In chapter 6, the
investigations made during the development of an integration process for the
electrodes within this advanced MEA chip are described and demonstrated, which
subsequently lead to the invention of a novel device, termed a micro Sieve Electrode
Array (μSEA). Chapter 7 details the electrode design, electrical characterization and
initial results of cell positioning experiments onto the μSEA device. An analysis of
potential applications according to literature desk research and according to questions
that we received from the neuroscience community are summarized in chapter 8. In
chapter 9, the conclusions and an outlook are provided.
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Advances in 3D neuronal cell culture
In this chapter the recent advances in miniaturized three-dimensional (3D) neuronal
cell culture are presented, within the MESOTAS project. Additionally, in the context of
this thesis the focus is on the design and fabrication of a new cell culture interface
based on a 3D pore structure utilizing silicon micromachining and microfluidics. 3D
neuronal cell culture platform technology contributes to the control of the
microenvironments for tissue engineering and assists in the analysis of cellular
physiological and pathophysiological responses. Firstly, a micromachined silicon
sieving structure is presented as key parameter for a modified version of a planar tissue
culture, which allows us to seed single neurons in an array of geometrically welldefined pores by a hydrodynamic sieve flow. Secondly, a nanogroove-hydrogel
interface is presented as a more biomimetic in-vivo representation of neuronal tissue,
where 3D culturing is required to reproduce the layered tissue organization and
direction of neuronal outgrowth, which both have been observed in the anatomical
microenvironment of the brain. Finally, we explored 3D cellular culture matrix as a
variable in such systems. By analyzing the effect of different gel matrices on the neuron
model cell line SH-SY5Y.
Various combinations of these novel techniques can be made and help 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.
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This chapter is based on the publication: J.P. Frimat, S. Xie, A. Bastiaens, B. Schurink,
F. Wolbers, J. den Toonder and R. Luttge. Advances in 3D neuronal cell culture.
Journal of Vacuum Science & Technology B 33(6) (2015): 06F902.

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 not predictable. In addition, animal use could be dramatically reduced for drug
screening studies if good in-vitro models are engineered, as they are high-throughput,
reproducible and robust as well as cost-effective considering todays demand in
pharmacological developments. 1 There is therefore a need for improving 3D neuronal
cell culture models to create brain-like tissue constructs on a chip for a miniaturized
analytical display to study brain development and complex brain cell 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 enables 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

neurite

connectivity

(which

is

a

hallmark for

neurodevelopmental end point indication) 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

6 7 8

Microelectrode arrays (MEA) can be used for the spatiotemporal investigation of
electrophysiological function in relation to an ultimate neurodevelopmental end
point. 9

10 11 12 13

These have been coupled with microfluidic compartments for the

monitoring of the activity of designed neuronal networks. 14
patterning 17
potential
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neuronal
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architectures22

23

and even along single axons. 24 Axonal and dendritic outgrowths

(collectively termed neurites) define the 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, biochemical and physical cues. 25 For
example, stiffness and topography affects cell attachment and outgrowth
direction. 26

27 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. 32 In addition,
mechanically driven cell polarization in brain tissues, and neurotherapeutic approaches
using functionalized supermagnetic nanoparticles to restore potentially disordered
neurocircuits have also been investigated. 33
In order to achieve such a brain on a chip construct (Fig. 1), three main challenges
must be addressed: i) facilitating 3D conformation of cell soma and neurite outgrowth
ideally at the level of a single cell, ii) understanding the impact of nanogrooves on 3D
cell alignment and iii) selecting culture matrix materials best suited to act as a 3D
scaffold structure to be applied by a simple pipetting action. Here, first we briefly
describe a microfabricated sieving structure for the generation of a single cell seeding
platform which utilizes hydrodynamic capturing of neurons. Hereby, single neurons can
be analyzed very easily in an ordered fashion for neurotoxicity evaluation and drug
screenings. Details of the development of the microfabrication process technology of
the sieving structure are given in Chapter 5.
This type of sieving structure has the potential to be used for the growth of controlled
neuronal networks for neurodynamics and network connectivity studies. The smooth
surface of the sieving structure can be used as replacement for the conventional glass
surfaces in PDMS structures 34, hereby microfluidics can be utilized or 3D culturing can
be realized (Chapter 3 and 4). Although many applications for the sieving structure can
be conceptualized, the real value of such a structure lies in the integration with a
biosensor. In line with neuronal cell culturing, the integration of microelectrodes would
allow for neuroelectrophysiology of 3D cultured neurons (Chapter 6 and 7).
Secondly, in order to forward-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
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fabricate the microsieve array platform, which is compatible with post process
nanolithography to fabricate, for example, nanogrooves in between the pores of the
sieve to control and guide the neurite outgrowth direction on this novel platform in
future developments. Several researchers have already investigated cell alignment to
nanostructures. 35

36 37

Here, the effect of topographical surface cues on 3D cell

alignment is introduced by means of a short-loop experiment without the sieving
structure. Xie et al. performed these cell cultures by utilizing PDMS nanogrooved
scaffolds (nanoscaffolds) in combination with 3D neuronal cell culture in a layer of
Matrigel atop of the nanoscaffold to demonstrate the capabilities of such
nanomechanical cues.30 31 Finally, since the stiffness of artificial substrates or scaffolds
plays an important role in cell culturing different cell matrices were reviewed and in the
context of this thesis the results based on the work by Bastiaens et al. are described
for three different cell matrices (biocompatible hydrogels) with stiffness comparable to
the brain tissue, i.e. 300-500 Pa. The tested commercially available hydrogels, Matrigel
(BD MatrigelTM Growth Factor Reduced Basement Membrane Matrix) and PuraMatrix
(BD PuraMatrixTM peptide hydrogel), all are known for their growth enhancing
properties, yet they are originating from mouse sarcoma cells or are derived from
synthetic proteins, respectively. For the culturing of neuronal cells, the physiological
correlation of either mouse sarcoma cell-derived (from muscle, fat or connective tissue)
or a pure synthetic matrix with the ECM found in the brain is questionable, as the
correct adhesion cues might be absent. In addition, other matrices used in literature
for neuronal cell cultures, such as collagen, might possess the mechanical cues
(modulus), however it is only present in limited concentrations in the mammalian
brain. 38 This indicates that although neuronal cells can survive and develop in a
collagen matrix, the specific cell-matrix interaction is mostly neglected. By introducing
biological ECM, cells are responding and adapting to the available cues and adhesion
sides on these decellularized and partially degraded tissues. 39

40

41

Therefore

mammalian brain ECM was isolated and used for culturing neuronal cells to proof its
potential to serve as an additive for a hydrogel-based synthetic matrix. The influence
of calf-derived brain ECM on dissociated primary rat cortical cells has been preliminary
investigated by a culture experiment from one primary cell isolation run in a well plate.
Eventually, the combination of the presented advances for neuronal cell cultures will
lead to the construction of a fully functional 3D tissue resembling the brain
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microarchitecture as illustrated in Figure 1, where cells can be arrayed hence,
manipulated, and 3D connectivity can be tailored to mimic specific pathophysiological
scenarios.

Figure 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 cells
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.

2.2

Materials and methods

2.2.1 Single cell seeding in 3D pores
A sieving-structure was developed enabling hydrodynamic capturing of single cells in
micro-sized pyramidal pores. This sieving-structure with a surface area of several
square millimeters, featuring highly uniform pores and apertures, is fabricated by
means of corner-lithography and wet chemical etching in {100}-silicon.42
Before seeding the cells into these pyramidal pores, the sieve-structure is
accommodated with a 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 RI  FHOOV LQ  ȝO 5 HQULFKHG FXOWXUH
medium, 43 are dispensed into the reservoir and suction with the syringe facilitates a
flow across the sieving structures, thereby positioning each of the cells into a pyramidal
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pore. After seeding, culture medium is added in the reservoir and refreshed every other
day. After 14 days in-vitro (DIV), the cells were fixed, dried and imaged by SEM (JEOL
JSM 5610). A LIVE/DEAD® assay (Sigma Aldrich) 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 0.1M Phosphate
Buffered Saline (PBS, Sigma Aldrich) for 30 min. After fixation, the sieving structures
are rinsed several times with PBS for 15 min and dehydrated through 70, 80, 90 and
100% ethyl alcohol (Sigma Aldrich) in PBS for 15 min each. Chemical drying is then
performed by 2 parts 100% ethyl alcohol/1 part hexamethyldisilazane (HMDS, Merck)
for 15 min, 1 part 100% ethyl alcohol/2 parts HDMS for 15 min, then 2 changes with
100% HDMS for 15 min each. Finally, the HDMS is evaporated at room temperature
in air-dry conditions overnight.
2.2.3 Nanoscaffold fabrication
The PDMS (Dow corning, Sylgard 184) nanoscaffolds were fabricated by soft
lithography with a template of resist scaffolds formed by jet and flash imprint
lithography (J-FILTM). Materials and the fabrication process details are described in
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 containing various
nanogrooved features30 on a silicon wafer pre-coated with bottom anti-reflective
coating (BARC) layer. Subsequently, the resist scaffold was copied by spin coating a
3'06 OD\HU ZLWK  ȝP WKLFNQHVV DQG FXULQJ WKH 3'06 DW °C for 30 min. The
PDMS copy with reversed structures was then peeled from the resist template and
coated with polyethylenimine (PEI) before using it for cell culturing.
2.2.4 Cell culture and staining
The primary cortical 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,
CostarVR), at a density of 4000– FHOOVȝO 7KH &7; FHOOV ZHUH VHHGHG RQ WKH
nanogrooved PDMS surfaces and allowed to stabilize and grow for 24 hours. A layer
of Matrigel (BD MatrigelTM Basement Membrane Matrix) was then added on top and


Advances in 3D neuronal cell culture

gelated by heat at 37°C inside an incubator with 5% CO2. R12 media43 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-GFAP antibody
(goat; Sigma, SAB2500462; 1:200) as primary antibody, and antigoat IgG (HþL),
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. 44 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
PDWULFHVW\SHVRIJHOPDWULFHVZHUHWHVWHGLQ,ELGLȝ-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 DMEM and F-12 medium
supplemented with 10% FBS and 1% pen-strep at 37°C in a 5% CO2 environment. SHSY5Y cell suspensions of 20,000 cells/ml were mixed in a 1:1 ratio to create 10,000
cells/ml samples with either growth factor reduced Matrigel (BD MatrigelTM Growth
Factor Reduced Basement Membrane Matrix), 1.5 mg/ml collagen-I or 0.5% w/v
PuraMatrix (BD PuraMatrixTM peptide hydrogel). Gelation for each of the matrices was
done as per manufacturer protocol, where Matrigel was warmed up to 37°C, collagenI was brought to neutral pH and PuraMatrix gelled by adding medium. As a control,
FHOOV ZHUH DOVR VHHGHG DW  FHOOVPO LQ ȝ-slide (Ibidi) wells without any biogel
matrix (2D). For differentiation into the neuronal lineage, cells were cultured 3 days in
medium ZLWKDGGHGȝ0WUDQV-retinoic acid (Sigma) within the gels, after which the
performance was assessed over a period of 9 days (neurite outgrowth and cell soma
size). At days 2, 7 and 9 after differentiation, samples were fixed and stained using 0.1
mg/ml propidium iodide. For cells in PuraMatrix, samples were fixed and stained on
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days 4 and 8 after differentiation. 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.
2.2.6 Decellularized ECM for neuronal cell culture
For the initial testing of biological decellularized ECM as a potential additive to a welldefined synthetic matrix, bovine calf brains were obtained and cut into pieces (< 2 cm2).
The brain pieces are dissolved in a decellularization mixture of 0.1% (w/v) natriumdodecyl sulfaat (SDS) in PBS with the addition of 1% (v/v) penicillin/streptomycin (all
chemicals obtained from Sigma Aldrich) and kept at room temperature under
mechanical stirring. Every 24 hours the supernatant is removed and replaced with
fresh decellularization mixture. After 4 days the supernatant is removed, the precipitate
is collected in 50 ml conical tubes and centrifuged (10000 RPM) for 5 min. Further
removal of the SDS is achieved by removing the supernatant, adding sterilized
deionized water (30 ml) to the 50 ml conical tubes and again centrifuging (10000 RPM)
for 5 min. This washing procedure is repeated ten times. A mixture of 1 mg/ml pepsin
in 0.1 M hydrochloric acid is microfiltered (0.22 μm) of which 30 ml is used to dissolve
the precipitate in the 50 ml conical tubes. Under stirring, the ECM is partially degraded
by pepsin for 2 days at room temperature and washed by the method described above.
Subsequently, the precipitate is stored at -80°C upon freeze drying. For the testing of
the isolated ECM for neuronal cell culturing, the ECM is dissolved in 125 ml R12H
medium. The dissolved ECM (denoted as ECM100) and a one-time diluted ECM
(denoted as ECM50) solution are pipetted in a standard Polystyrene 24 wells plate for
tissue culture (Corning, CostarVR) and stored for 30 min at room temperature before
removing the residual solution. Primary cortical cells, isolated from a new born rat’s
cortex, are plated DWDGHQVLW\RIFHOOVȝORQXQWUHDWHGZHOOVECM50 and ECM100
treated wells in triplicate. The primary cortical cells are cultured and evaluated every 3
days for growth and development by standard light microscopy. After 15 days the cells
were treated for immunostaining (protocol described in the Experimental section 2.2.4,
antibody staining for microtubule-associated protein 2 (MAP2), glial fibrillary acidic
protein (GFAP) and cell nuclei 4',6-diamidino-2-phenylindole (DAPI) counter staining
and confocal microscopy (Nikon) was performed to analyze the influence of the
isolated ECM on the cultured cortical cells.
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2.3

Results and discussion

2.3.1 Single cell seeding in 3D pores
A sieve-structure was developed enabling hydrodynamic capturing of cells in pyramidal
pores (Fig. 2a). The silicon sieve design is an array, which contains 900 3D pyramidal
VKDSHGSRUHVZLWKDVTXDUHWRSRSHQLQJRIȝPDQGDVTXDUHDSHUWXUHVL]HDWWKH
botWRPRIWKHVLHYHRIȝP )LJ 2b).

Figure 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 ȝm and an aperture
of 3.2 ȝm. (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 dimensions of the pore and pore aperture are chosen upon the size of the used
cells for positioning. The pores are evenly distributed in a circular area of a radius of
PPZLWKDSLWFKRIȝP7KHGLVWULEXWLRQLVVHOHFWHGWREHVXIILFLHQWly large for the
study on the positioning efficiency of single cells by the applied sieve crossflow rather
than random positioning based on gravity.
After 14 days in-vitro (DIV) the cells in the sieving structures were stained to verify their
viability and afterwards their morphology was studied by SEM. The viability of the
captured neurons, verified by the LIVE/DEAD assay, is well within 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 positioning of cells is highly efficient,
as the number of occupied pores by neurons is over 80%. The absence of cell
protrusions can be explained by the relatively ODUJHGLVWDQFH ȝP EHWZHHQHDFK
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neuron and the lack of supporting cells in this setup. One also has to bear in mind that
primary neurons are very delicate for in-vitro experimentation compared to cells
cultured from a cell line, such as SH-SY5Y cells. Optimizing the culture condition in
more detail, the final single cell seeding platform can be interfaced with a hybrid
bioreactor according to designs presented in this thesis (chapter 3) or other types of
microfluidic

devices

that

were

previously

electrophysiological measurements on MEAs. 45

demonstrated

as

add-ons

in

46 47 48

2.3.2 The 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
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 nanogrooved PDMS substrates and added Matrigel 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” was defined as a deviation of the direction of the grooves within an angle
of less than 30° (n=3). We demonstrated that astrocyte alignment can still be observed
DWDKHLJKWȝPapart from the nanogrooves, indicating that cells keep their alignment
when migrating upwards into the Matrigel scaffold (Fig. 3) and that nanoscale surface
features can still have an influence at the micrometer scale influencing cell-cell
interaction within the network. This indicates that layered topographical cues are
critical for the creation of organized 3D cell cultures with nanogrooved interfaces.
Extensive studies of nanogrooves on neuronal network dynamics were further
investigated by Xie et al. in our research team by means of nanomechanical actuation
of CTX cells cultures on chip in conjunction with live calcium imaging and are beyond
the work described here in this thesis.
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)LJXUH([DPSOHRI&7;SULPDU\DVWURF\WHVDOLJQHGWRWKHQDQRJURRYHVDW D ȝPDQGDW
E ȝPLVVKRZQ7KHZKLWHDUURZVLQGLFDWHWKHSDUDOOHOGLUHFWLRQRIWKHQDQRJURRYHV6FDOH
EDUV ࣯ȝP F 1RUPDOL]HGRXWJURZWKDOLJQPHQWDJDLQVW'FXOWXUHKHLJKWVKRZLQJWKDW࣯ȝP
apart from the nanogrooves, 65% of alignment was 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. All images of cells in
3D culture were taken from top view for data analysis.

2.3.3 Neuronal cells inside 3D matrices
The end goal of these developments is to interface 3D neuronal cell cultures, featuring
the bioreactor,34 with a biosensor platform to understand and control the relationship
between connectivity and electrophysiology in brain like tissue constructs.34 Therefore,
the behavior of the neuronal cells must be documented in a 3D matrix. For an initial
investigation, we chose three different matrices: collagen-I, Matrigel and PuraMatrix.
These matrices can be gelated to provide an environment wherein the cells can be
spatially distributed, adhere, grow neurites and connect to form a network in a threedimensional configuration. In addition, these biocompatible gels have a stiffness of
200-500 Pa, related to the soft-tissue of the brain, making them suitable for mimicking
the mechanical properties of in-vivo brain’s ECM. The neuroblastoma cell line SHSY5Y was chosen as a neuron cell line candidate for assessing the effect of culturing
cells in 3D matrices. The somewhat low SH-SY5Y cell densities for culturing were
chosen upon analysis of neurite and soma size in the 3D matrices, which was thought
not to be possible with the use of high conventional cell densities. 49 In 3D conformation,
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the cell soma does not spread and as a consequence their overall morphology is round
DQGUHVXOWLQVPDOOHUVRPDGLDPHWHUV ȝP (n=3) (Fig. 4).

Figure 4. 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
IURPȝPIRU'IODWVXUIDFHVWRȝP Q  LQVLGH'ELRJHOV6FDOHEDUV ȝP

In more detail, we observed that following the culture for 9 days, neurite outgrowth was
roughly similar in the 2D and 3D samples, indicating that 3D culturing and matrix
composition did not affect the ability of the neurites to grow at these relative low cell
densities. However, a major difference was observed when comparing cell soma sizes
between 2D and 3D samples. On 2D surfaces, the cells are allowed to spread and as
DFRQVHTXHQFHWKHLURYHUDOOPRUSKRORJ\LVODUJHDQGIODW ȝP  Q  
Similarly, these changes in soma sizes were also observed for the cortical astrocytes
grown on soft 2D-PDMS surfaces,30 31 indicating that although material stiffness does
not measurably affect outgrowth length and alignment, stiffness does clearly affect the
morphology of the soma and therefore potentially its function. Indeed previous
research reports genetic variations in correlation with morphological changes in the
SH-SY5Y cell line grown in 3D compared to 2D. In 3D, genes encoding cytoskeletalassociated proteins such as actin filament ĮFDSSLQJSURWHLQDQGVLJQDOWUDQVGXFWLRQ
factors such as midkine were upregulated. Genes encoding the cytoskeletal proteins
ILODPLQ $ DFWLQLQ Į DQG WDOLQ  DQG JHQHV HQFRGLQJ (&0 PROHFXOHV VXFK DV
ILEURQHFWLQ  FROODJHQ ,,,Į DQG YHUVLFDQ Zere all downregulated in 3D.32 These
analyses were performed in both, Matrigel and collagen-I gels, and showed the same
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trend confirming that the cell is able to sense its 3D environment and adopt a more invivo like morphology as a consequence as also demonstrated by other researchers. 50
In addition, Choi et al51 also used qPCR to demonstrate that neuron maturation was
promoted in 3D cultures and tau expression was increased which is essential for
reconstituting tauopathy, an important feature in Alzheimer disease. It is however
important to acknowledge that 3D culturing results in the formation of highly
disorganized cellular networks that make morphological measurements such as
neurite outgrowth length challenging.
Clearly, if neurons are close to each other, their connecting neurite outgrowth will be
shorter than if the neurons were standing further apart. This is supported by the theory
that cell-cell connectivity is largely based on accidental appositions between axonal
and dendritic outgrowths. 52 Hence spatial standardization or cell patterning could be
hugely beneficial to systematize the distances between neurons (standardizing
outgrowth conditions per cell) and enable reproducible measurements to be recorded
and compared dependent on external stimuli like neurotoxicological compounds.21
Since relating 3D connectivity to electrophysiology is also a focus area in the larger
framework of this project, control over the level of connectivity inside a 3D sample is
as important as controlling the connectivity at the interface between neurons and
electrodes. These studies are currently expanded by Bastiaens et al. in our research
team utilizing microfluidic cell encapsulation and are beyond the work described here
in this thesis.

2.3.4 Decellularized ECM for neuronal cell culture
Moreover, for the organization of cells and outgrowth within a 3D scaffold structure
biological nanocues are key to create advanced in-vitro tissues. Therefore, ECM from
a natural source was also investigated for its potential to perform as an additive to a
tissue culture matrix. Such type of additives are investigated for the enhancement of
adhesion and motivation of specific cellular processes via ECM proteins. Bovine calf
brains were chosen because of their size compared to rat brains, in order to maximize
the amount of isolated ECM. The brains were decellularized and partially enzymatically
degraded. The isolated ECM coated well plates were utilized to study the influence on
cultured rat primary cortical cells. During the cell culture of 15 days in-vitro (DIV) the
cell growth, development and network formation was observed (data not shown). The
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coated samples presented faster development and network formation compared to the
control (uncoated well) culture. At DIV 3, the ECM coated samples already displayed
minor network formation, while at DIV 9 most of the well surface was covered by cells.
The control culture showed no network formation at DIV 3 and showed only minor
coverage of multiple confined clustered areas in the well at DIV 9. This suggests that
the ECM enhances the adhesion of cells and therefore promotes cell network
formation. At DIV 15, the well area covered by cells is nearly the same for both the
ECM coated and uncoated samples. Yet immunostaining showed a distinct difference
between the coated and uncoated samples, indicated by MAP2 stained neurons (red)
and GFAB-stained astrocytes (green). The uncoated samples show less dense cell
layer with fewer somas compared to the coated samples. Also, the cells in the
uncoated sample possess a much larger cell morphology (i.e. soma and cell
protrusions) in contrast to the cells cultured in the ECM coated wells (Fig. 6).

Figure 6. Comparison of rat primary cortical cells cultured in well plates coated with
decellularized and partial degenerated ECM from bovine calf brains. Polystyrene 24 well
culture plate a. uncoated, b. coated with ECM50 (one time diluted) and c. coated with ECM100.
Immunostaining for identification of neurons (MAP2, red), astrocytes (GFAP, green) and nuclei
(purple).

Furthermore, the diversity of cell types is different in the uncoated, ECM50 and ECM100
(resp. Fig 6b and 6c). The uncoated sample consist for the majority out of glial cells
(GFAP, green), while the ECM50 coated sample shows a larger amount of neurons vs.
glial cells, while the ECM100 coated sample shows even more neurons. Primary
neuronal stem cells are essentially non-adherent on non-treated wells and tend to
differentiate into glial cells (and not neurons) in order to survive in the case of such a
non-adherent surface. 53 54 Accordingly, it seems that the ECM provides an appropriate
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adherent surface, which can also explain the higher number of neurons on a denser
ECM coating. This also correlates with the findings on the cell morphology and network
formation, as astrocytes show a different shape and proliferation rate in mono-cultures
compared to conditions when the astrocytes are co-cultured with neurons (neuronal
inhibition of astroglial cell proliferation is membrane mediated). Although the exact
composition of the obtained ECM has yet to be determined, these initial culture
experiments show promising results for the development of a specific additive for 3D
culture matrices.

2.4 Conclusions
We developed a novel single cellular sieving structure that allows hydrodynamic
arraying of single neurons generating a spatially standardized analytical display for
neuron studies. Further, we demonstrated 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 a height of ȝPLQVLGHWKHELRgel scaffolds.
We also showed that 3D cell culturing of SH-SY5Y differentiated neurons inside biogel
scaffolds leads to changes in cell morphology which resembles in-vivo-like neuron
PRUSKRORJ\ URXQGLQVKDSHVPDOOHULQVL]HȝP In addition, isolated and partially
degraded natural brain ECM was shown to have a district influence on rat cortical cells
in development, cell density and differentiation. In summary, we designed and realized
spatial control features for the organized formation of neuronal networks.
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A hydrogel/PDMS hybrid bioreactor facilitating 3D
cell culturing
In this chapter the design and fabrication of a hydrogel/ poly-dimethylsiloxane (PDMS)
hybrid bioreactor is described. This Hydrogel/PDMS device was developed as a first
approach to a more physiologically relevant model for brain tissue by enabling 3D cell
culturing. The characteristic feature of the design of the bioreactor is to allow for direct
culturing on top of a desired surface, such as a microelectrode array (MEA). The
bioreactor enables a low shear stress 3D micro-sized culture environment by
integrating a hydrogel as a barrier in to its PDMS casing, separating the culture
chamber and a fluidic exchange channel. The use of PDMS allows the reversible
adhesion of the device to a commercially available MEA. A two-step molding process
facilitates this relatively simple, cost effective and leakage-free add-on microculture
system.
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This chapter is based on the publication: B. Schurink and R. Luttge. "Hydrogel/polydimethylsiloxane hybrid bioreactor facilitating 3D cell culturing." Journal of Vacuum
Science & Technology B 31.6 (2013): 06F903.

3.1 Introduction
For the past 20 years, there has been an increasing demand from the pharmaceutical
industry for high throughput cell screening systems which can function as an in-vitro
model for the validation of drugs or toxicity screenings.1 2 In these systems, cells would
be cultured in controlled environments for the study of cellular physiological and
pathological responses.
To correlate such a model with in-vivo conditions, the culturing of cells in a three
dimensional (3D) matrix has been proven to be of vital importance.3 Besides the
difference in cell-cell and cell-extracellular matrix interaction, 3D systems outperform
2D cultures in their response to biochemical and biophysical factors. In general, 3D
cultures better represent native cellular behavior in comparison to planar cultures.4 5
One way to establish 3D cultures is the use of a hydrogel matrix, consisting of crosslinked fibers with high water content that are abundantly found in native animal
tissues.6 Taking these materials in-vitro, the challenge for creating appropriate culture
conditions arises from a lack of a vascular structure for the transport of oxygen and
nutrients into the cell culture. In recent years, microfluidic culture systems, or so-called
microbioreactors, have been developed to address this problem and enable the use of
continuous flow and small culture volumes.7 8 9
Potentially, the research field of neurology can benefit from the fidelity of 3D culturing
of neurons on a chip.1 Of particular interest are chips with planar microelectrode arrays
(MEAs), which were developed for the study of in-vitro neuronal networks and which
are a generally accepted tool in neuroscience research. The basic design of a MEA
consists of a glass surface with embedded, densely packed microelectrodes for neuron
coupling, which are connected to macro-patch electrodes for the signal readout.10 11 12
One may think of a microfluidic bioreactor designed for 3D culturing on such a surface,
while during culturing the neurons remain coupled to an array of electrodes. Such
advanced experimental tool may result in a more valid model for electrophysiology in
combination with drug and toxicity screening.
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Previously, poly-dimethylsiloxane (PDMS) has been used for the fabrication of
microfluidic chips that can be sealed to a glass surface by spontaneous and reversible
adhesion13, which provides an appropriate technology platform for cell culturing.
However, many of the microfluidic cells-on-a-chip designs exert high shear forces onto
the cells and their matrices through the flow of culture medium. Therefore, these
systems are limited in their utility for prolonged 3D culturing.14 An integrated barrier,
separating the culture chamber from the culture medium channel, can avoid this direct
shear stress onto the culture. Such a design sustains an appropriate mass transport
and prevents the cells from migrating out of the culture into the channel.
Recently, microfluidic systems with an integrated hydrogel as a barrier for cell culture
on a chip have been described. In these systems, cells are cultured inside of a straight
channel layout (e.g. to create a stimuli gradient) in which a hydrogel barrier ensures a
controlled inflow of nutrients and oxygen.15 16 Due to the fabrication by soft-lithography,
that utilizes a photoresist mold of SU-8, the channels are restricted to a uniform height.
This molding principle is limited in its maximal height to realize a vertically orientated
3D culture atop of the prearranged electrodes of a commercially available MEA.
Although very thick and advanced multilayer SU-8 photoresist processing was
described in literature17, it is cumbersome to realize a mold structure by SU-8 with
aligned parts at different heights. To cope with this limitation of an SU-8 mold, we
introduced a fabrication process for a microfluidic bioreactor that complies to the
dimensions of the MEA and provides a simple 3D add-on microculture system. The
fabrication of this microfluidic bioreactor is based on soft-lithography from a precision
engineered metal mold.
Our bioreactor consists of a round culture chamber which is surrounded by a ring
shaped channel separated by a hydrogel barrier. This design maximizes the surface
coverage between the barrier and the culture to ensure a uniform inflow into the cell
culture. By means of a two-step molding process using a polished mold surface with
interchangeable parts, we ensure a leak-tight connection between the barrier, the
PDMS casing and the MEA as well as a central alignment of the barrier, the flow
channel and the culture within the PDMS casing.
In this chapter, our main objective is the design of a novel hydrogel/PDMS hybrid
bioreactor for reversible adhesion atop a commercially available MEA and the
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validation of the bioreactor for culturing 3D neuronal networks from dissociated primary
brain cells.

3.2 Methods and materials
3.2.1 Bioreactor fabrication
A two-step molding process is performed using an assembled mold (Fig. 1). Figure 1a
shows all the interchangeable parts of the mold. The mold is based on a surface
polished brass plate of 40 x 40 mm (part A) and fabricated by CNC milling (Mechanical
workshop, University of Twente). The parts D and F are also made of brass, whereas
the other interchangeable parts B, C, E and G are made of stainless steel. The inner
and outer diameters of parts E and G are 3 and 5 mm, and their heights are 4 and 3
mm, respectively. Parts B and C are each 10 mm long and their diameters are 1 and
1.5 mm, respectively. The outer diameter of the brass part D is 3 mm to conform with
the inner diameter of part E. The diameter of the two holes in both parts D and F
(diameter 2.5 mm) corresponds with the diameter of the two stainless steel parts B.
Additionally, a borosilicate glass tube (part H) is put on top of the mold base plate (part
A) to form the circumference of the PDMS casing. The tube has an inner diameter of
15 mm.

Figure 1. Overview of the metal mold and its parts (a). For the molding of the PDMS casing,
parts B, C, D and E are assembled into the mold baseplate (part A) (b).The borosilicate glass
tube (part H) will be placed on the base plate during molding. For the molding of the hydrogel
barrier, parts B, G and F are assembled into the mold base plate (part A) (c).

For the molding of the PDMS casing, Sylgard 184 elastomer and curing agent (10:1
wt%) are mixed and poured onto the mold configuration as shown in Figure 1b. The
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PDMS mixture is degassed and cured at 80°C for 30 min in a convection oven.
Afterwards, the PDMS casing is removed from the mold, cleaned with 70% ethanol
(Sigma) and thoroughly rinsed with ultrapure water (Millipore). In the second step of
the molding process the PDMS casing is placed onto the mold configuration shown in
Figure 1c to form the hydrogel barrier. Agarose (Sigma) is used for the barrier material.
Agarose powder is dissolved in Phosphate Buffered Saline (Sigma) at 2% and heated
to 80°C. The barrier is formed by inserting the agarose in the PMDS casing at the inlet
resulting from part C (indicated by the arrow in Fig. 2a). After gelation of the agarose,
the PDMS with the integrated hydrogel barrier is removed from the mold. The resulting
bioreactor is adhered to a glass or MEA surface (Fig. 3).

Figure 2. Schematics of the hybrid bioreactor. The arrow indicates the position of the inlets
during fabrication and use. The bioreactor after the integration of the hydrogel barrier (a). The
bioreactor with the inserted Matrigel cell culture (in the center) and culture medium in the
surrounding channel (b).

3.2.2 Transport through the barrier
The bioreactor is fabricated as described above and adhered to a microscope glass
slide (76.2 × 25.4 × 1 mm3). The channel and culture chamber are filled with Phosphate
Buffered Saline (PBS) to avoid that the hydrogel dries out prior to the measurement.
Before use, the PBS is removed strictly from the channel. A (1 mg/ml) fluorescein
isothiocyanate conjugated bovine serum albumin (FITC-BSA) solution in PBS is
injected into the channel. Diffusion of the labeled protein into the agarose barrier is
observed by a fluorescence microscope (Leica DM IL LED) at 25°C. The fluorescent
images for quantifying the diffusion through the barrier were analyzed using Image J
software for intensity profiling at three different locations in the bioreactor. The obtained
data were fitted to a Gaussian function for dimensional diffusion with Origin 7.5
software to simulate the diffusion profiles for further analysis.18
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Figure 3. The bioreactor can be adhered to the commercially available MEA simply by the
adhesive properties of the PDMS casing. Resulting in a leak-tight connection between the
PDMS casing and the MEA, while the culture chamber is aligned to the electrode array.
Coloured dye solutions are injected into the bioreactor to indicate the channel and the culture
chamber.

3.2.3 Cell culture in the bioreactor
Static bioreactor culture
The bioreactor is adhered to a microscope glass slide and Phosphate Buffered Saline
(PBS) is injected into the ring shaped channel (indicated by the arrow in Fig. 2a).
Cortical cells (taken from the entire cortex) were obtained from newborn Wistar rats.
The cells are mixed with reduced growth factor Matrigel (DB Biosciences) to 4.5*106
cells/ml and kept on ice. A volume of 5 μl cells in Matrigel is injected into the culture
chamber through the inlet resulting from part B (indicated by the arrow in Fig. 2b).
Subsequently, the bioreactor is placed in an incubator (37°C, 5% CO2) for 1 hour to
initiate gelation. Afterwards, the PBS is replaced by chemically defined R12 culture
medium.19 The bioreactor is placed in an incubator (37°C, 5% CO2) and the medium is
refreshed every other day.
Static control culture
As a control, cell cultures with a cell density conform the bioreactor are inserted into
inlets with a diameter of 2.5 mm in a 2 mm thick layer of agarose hydrogel, which was
deposited on glass slides. Chemically defined R12 culture medium is added on top of
the culture and the surrounding agarose. The control culture is placed in an incubator
(37°C, 5% CO2) and the medium is refreshed every other day.
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Viability staining
After 6 days of culturing, both bioreactor and control are stained for viability (Sigma,
Cellstain double staining kit) to study the survival of cells in the bioreactor. The samples
are washed three times with PBS, after removal of the culture medium. Subsequently,
D VROXWLRQ RI  ȝ0 FDOFHLQ-$0 DQG  ȝ0 HWKLGLXP KRPRGLPHU LV LQVHUWHG LQWR WKH
channel (indicated by the arrow in Fig. 2a), or in case of the control on top of the culture.
Both cultures are incubated for 30 min, followed by repetition of the washing steps.
Viable (green) and dead (red) cells are observed by a fluorescence microscope (Leica
DM IL LED) and counted for the peripheral and the center region of the culture.

3.3 Results and discussion
3.3.1 Bioreactor fabrication
The fabrication of the hydrogel/PDMS hybrid bioreactor was successfully realized by a
two-step molding process. The principle of the two-step molding process is based on
utilizing two different mold configurations that are aligned to each other by
interchangeable parts in a base plate. First, a casing of PDMS was molded using the
parts depicted in Fig. 1b. Subsequently, the mold configuration shown in Figure 1c was
used together with the PDMS casing to form the hydrogel barrier from agarose. This
specific shape of the barrier (see schematic of the bioreactor in Figure 2) ensures a
fixed position inside of the PDMS casing. The mold material was chosen because of
its favorable mechanical and chemical resistance and temperature coefficient. The
assembly of the mold from interchangeable parts (rather than machining a single
component mold) enables a smooth surface finish for the mold base plate part A (Fig.
1a) and simple alignment for the second molding step forming the barrier inside of the
casing. This surface finish guarantees a leak-tight connection, when the add-on
bioreactor is adhered to the glass or MEA surface (Fig. 3). Here, colored dye solutions
are injected into the bioreactor to show the different zones, resp. the channel, the
barrier and the culture chamber.
3.3.2 Transport through the barrier
The barrier is integrated to separate the fluidic channel from the cell culture while
maintaining mass transport into the culture. To test this hypothesis, we used agarose
hydrogel, which is a commercially available sol-gel, relatively inexpensive and
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biocompatible. Further, it has been shown elsewhere that it prevents adhesion of cells
and migration out of the culture at a mass volume ratio of 2%.20 Within a static culture
setup, mass transport through the barrier is observed by diffusion of FITC-BSA (Fig.
4). The simulated diffusion profiles are found to be in agreement with the experimental
results (R=0.97±0.02). The profiles showed a decrease in FITC-BSA initial
concentration at the channel side and an increase in FITC-BSA concentration at the
interface of the culture chamber, as a result of the static setup. This result yielded a
diffusion coefficient of an average value of 2.2 x 10-7 cm2 s-1, which is in agreement
with values reported elsewhere.21

Figure 4. Profiles of the diffusion of FITC-BSA (1 mg/ml, 66 kDa) for the experimental and
simulated data. The data are collected from the intensity of the microscope images according
to the pathway following the channel towards the culture chamber, hereby crossing the
agarose barrier (this pathway is indicated by the arrow in the schematic insert). The finite FITCBSA concentration in the channel results in a decrease of initial concentration as the
fluorescent protein diffuses from the channel towards the barrier and culture chamber.

3.3.3 Cell culture in the bioreactor
The add-on bioreactor was used to culture neuronal cells in Matrigel. To validate the
function of the barrier within the bioreactor for 3D cell culturing, we compared the setup
with a specifically designed control experiment. This setup includes the culturing of
cortical cells in a 3D fashion in Matrigel in both the bioreactor and control culture. Yet
the bioreactor is depended on diffusion of nutrients through the barrier, whereas the
nutrients are added directly on top of the control culture. This experiment allowed us
to evaluate cell viability dependent on the degree of supply of culture medium. For the
bioreactor an increased cell density was observed in the peripheral region compared
to the center of the culture (Fig. 5).
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Figure 5. Cells cultured in Matrigel in the bioreactor (a, b; resp. 10 and 20X magnification), a
higher amount of cells is seen in the peripheral region compared to the center. The control (c,
d; resp. 10 and 20X magnification) shows a comparable amount of cells in both regions. Cells
in the bioreactor and the control were cultured for 6 days and afterwards stained by Calcein
AM for viable cells (green) and ethidium homodimer for dead cells (red).

We counted viable and dead cells for the total population, peripheral and center regions
(Fig. 6). Even with the integrated barrier in the bioreactor an enhanced cell viability
was observed compared to the control. For the bioreactor, the fraction of viable cells
in the peripheral region is higher compared to the center. For the control culture, these
fractions are of the same order of magnitude in both regions.

Figure 6. Graphical representation of viable cell fractions of the peripheral and center region
of both bioreactor and control. Cells were cultured (6 days) in Matrigel in the bioreactor and
control (both performed in triplicate).
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3.4 Discussion
This work has demonstrated the fabrication of a bioreactor, which can be used to
facilitate 3D culturing on a commercially available MEA. The bioreactor can be
reversibly adhered to a glass or MEA surface before insertion of the cell culture
material. This specific design allows direct gelation of the 3D cell culture on top of the
microelectrodes of a MEA. Thanks to the integrated hydrogel barrier in the bioreactor,
mass transport into a 3D culture chamber can be realized without applying shear forces
to the cells. The hybrid bioreactor design has the potential for batch processing by
means of the two-step molding process, which could be used to enable high throughput
screening. To accommodate specific biological experiments, the barrier material in the
bioreactor can easily be varied. For example, different types or concentrations of
hydrogel can be used to alter mass transport or to add functional properties. The
observation of diffusion of FITC-BSA in the agarose hydrogel barrier provided us with
an initial indication of culture medium inflow (Fig 4). The size of FITC-BSA (66kDa) is
significantly larger than most nutrient molecules present in the culture medium. Also,
the stokes-radius of the BSA is around 3.5 nm, while the pore size in the 2% agarose
is around 80 nm.21 Therefore, diffusion for these nutrients is expected not to be
restricted by the barrier and to have higher diffusion rates than FITC-BSA, rendering
our design fit for 3D cell culture. The FITC-BSA model also suggests a leakage free
construct, as the measured values (and diffusion rate) for the diffusion of FITC-BSA
are conform the simulated data. Nevertheless, culturing is a process at a much larger
time scale than the diffusional process (rather weeks than minutes) with regular
intervals for medium refreshment. Therefore, the time required towards a diffusion
equilibrium in the bioreactor is ought to be shorter in comparison to a total nutrient
depletion in the culture chamber. In other words, starving of cells in the culture chamber
is not likely due to the integration of a hydrogel barrier.
Subsequently, we validated the bioreactor for cell viability by culturing rat cortical cells.
Figure 5 shows the distribution of cells for the bioreactor and the control. Here we
observed a higher fraction of viable cells in the peripheral region for the bioreactor
compared to the control. The fraction of viable cells for both regions in de bioreactor
was higher than in the control, which might be due to differences in the cell seeding
conditions. The difference in viability between the regions in the bioreactor is an
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expected result, as the mass transport of culture medium in the control is evenly
distributed compared to the bioreactor. These results indicate that diffusion alone in
the static culture in the bioreactor is not sufficient for the delivery of nutrients to acquire
a homogenous distribution in the culture chamber. To obtain a more homogenous
distribution, the barrier thickness can be reduced to decrease the residence time of a
nutrient molecule in the barrier. Also, by a continuous and infinite flow of culture
medium, the concentration of nutrients in the bioreactor could reach an increased
homogenous distribution of nutrients in all zones, compared to the static setup which
we tested in this work.

3.5 Conclusions
A rapid, reproducible and inexpensive fabrication process of a microfluidic
hydrogel/PDMS hybrid bioreactor was developed, which enables 3D culturing of cells
atop of a commercially available microelectrode array (MEA). The fabrication of the
PDMS casing permits the leakage free, reversible adhesion of the bioreactor to the
surface of a MEA. The two-step molding procedure enables the successful integration
of a hydrogel barrier, preventing shear stress while sustaining transport of nutrients.
FITC-BSA was used as a model for nutrient supply through the barrier molded from
agarose. This model showed a diffusion into the culture chamber without leakage of
the barrier. Furthermore, the bioreactor enabled static 3D cell culturing of rat cortical
cells in Matrigel on a glass surface with a cell viability well above 60%.
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Bioreactor coupled capillary electrophoresis for onchip measurement of cell culture metabolites
The developed hybrid bioreactor is further explored to realize an on-chip biochemical readout.
The characteristics of the bottom-open culture chamber design of the hybrid bioreactor was
utilized to fit a chip-holder of a commercial capillary electrophoresis microfluidic glass chip,
enabling on-line measurement of metabolites from a 3D cell culture.
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4.1 Introduction
A novel miniaturized hybrid bioreactor was designed and fabricated to allow for 3D cell
culturing on a commercial microelectrode array (MEA) in previous work by us. 1 The
microbioreactor consists of a round culture chamber which is surrounded by a ring
shaped channel separated by a permeable barrier. The characteristics of the bottomopen culture chamber design of the microbioreactor also makes it applicable for
sample collection from the culture for biochemical analysis of metabolites, which will
give insight into the overall function of the culture environment and the health of the
culture. 2 In addition, the cellular response to chemicals or drugs can be studied. 3 An
important indicator for metabolism of cells and their energy status is lactate. This
organic compound is produced from glucose and glutamine in mammalian cells and
can be found in extracellular cell culture medium. For some cell types lactate
production is linked to tissue stress and hypoxia, in which the glycolytic activity exceeds
the activity of the citric acid cycle, resulting in a decrease in culture pH, resulting in
inhibition of sustained cell proliferation and decreased metabolism. On the other hand,
in the presence of glucose, cultured cells can use lactate as an alternative source for
carbon. For some cell types increased lactate concentrations are known to be
cytotoxic. 4
Therefore it is meaningful to measure the lactate concentration from the cell culture,
yet culture medium has to be sampled, separated, detected, identified and quantified. 5
Sampling can be performed on-chip by flow from the culture chamber of the bioreactor
into a connecting capillary. An attractive technique for the separation of multiple
metabolites in the culture medium is microchip capillary electrophoresis (CE), which
relies on the charge and difference in electrophoretic mobility of charged molecules in
background electrolyte (BGE) solution. 6 The charged molecules in a capillary migrate
to the opposite charge under the influence of an applied electrical field. Separation of
either cations or anions is achieved by difference in electrophoretic mobility, based on
the quantity of charge compared to its relative hydrodynamic size. The migration of the
charged species is also influenced by the electroosmotic flow (EOF), a plug flow of the
BGE resulting from a fixed surface charge of the capillary under an applied electric
field. 7 Depending on the application, the EOF can be exploited for enhanced resolution
and separation of both anions and cations in a single run. Alternatively, the capillary
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can be pre-treated to reduce the fixed capillary surface charge and thus minimize the
effect of the EOF.
The characteristics of CE for the separation of potentially charged molecules in
complex solutions has led to the development of several microchip CE systems for
point-of-care analysis. Hereby the microchip designs and background electrolytes are
fully optimized and readily commercially available. 8 One such system, commercialized
by CE-Mate B.V. (formerly, Medimate B.V., a University of Twente spin-off) has been
originally developed to measure Lithium in blood samples. 9

10

In this system the

detection is performed by contactless conductivity detection (C4D) measurements at
the end of the capillary without the need for off-chip sample preparation.
The same method of detection can be used as a universal method for the analysis of
charged metabolites in a cell culture.11 This technique has the advantage of high
resolution as well as short measurement times and can be potentially used for on-line
analysis of very low sample volumes as it is a requirement in our case for the
measurement of metabolites in microtissue cultures seeded in our previously designed
micro bioreactor. As the latter has a culture volume of just a few microliters. In this
study we combined the microbioreactor and the capillary electrophoresis on chip
technology for the measurement of cell culture metabolites such as lactate and
successfully achieved sampling and measurement directly from the microbioreactor
culture chamber.

4.2 Materials and Methods
4.2.1 Measurement of Lactate using CE-minilab
For the lactate measurements a commercial CE with C4D setup is used, consisting of
an on-site CE measurement unit (Medimate Minilab ®), commercial glass microfluidic
CE-chips with integrated electrodes for C4D (Medimate Lab-Chip ®) and a
corresponding chip-holder (Medimate ®). The Lab-chips are prefilled with a Medimate
B.V. proprietary BGE. Spiked sodium lactate samples are prepared by dissolving
sodium acetate into deionized water. To proof that measurements can be performed
from more complex solutions related to cell culture conditions, lactate is also dissolved
in 0.1x Phosphate Buffered Saline (PBS) and alpha Minimum Essential Medium
Į0(0 M0643) (All chemicals were purchased from Sigma Aldrich). Different
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concentrations, resp. 0.5, 1.0, 2.0, 5.0 and 10 mM in all three solutions are measured
using the commercial CE setup.
4.2.2 Integration of microbioreactor
For on-chip measurement of lactate directly from the microbioreactor culture chamber,
the bioreactor design was altered. The agarose hydrogel barrier in our previous
design,1 was replaced for a tube consisting of porous polyethersulfone (PES). Porous
PES material has been used in cell culture systems and bio-filtration applications,
reflecting its biocompatibility and permeability of cell culture nutrients.12

13

Also, the

PES material is known for its hydrophilicity, has low protein binding, wide chemical
compatibility and has both excellent strength and dimensional stability. 14

15

Figure 1. Schematic cross-sections of the PES/PDMS bioreactor, illustrating the fabrication
process. PDMS is cast on the brass mold (a), cured and removed. The hereby obtained PDMS
casing (b) is provided with a porous polyethersulfone (PES) tube (c), which is press-fitted into
place. A thin layer of PDMS is used as cover to seal the culture medium channel and lock the
PES tube into place (d).

A single molding process is performed using an assembled mold (Fig. 1a), consisting
of a brass CNC milled (Mechanical workshop, University of Twente) component. In
addition, two sets of stainless steel pins were obtained, with a length of 10 mm and
diameters of 1.5 and 1 mm, which fit the cavities in the brass component. A borosilicate
glass tube, inner diameter of 10 mm, is put on top of the mold base plate to form the
circumference of the PDMS casing (Fig. 1a). For the molding of the PDMS casing,
Sylgard 184 elastomer and curing agent (10:1 wt%) are mixed and poured onto the
mold. The PDMS mixture is degassed and cured at 80°C for 30 min in a convection
oven. Afterwards, the PDMS casing is removed from the mold (Fig. 1b). A porous
polyethersulfone (PES) tube (X-Flow Pentair, Enschede, The Netherlands) was
obtained with a pore diameter of approximately 200 μm at the outer side of the tube,
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of which the pore diameter decreases in size towards the inner side of the tube to
approximately 5 μm. The tube with an inner diameter of 3 mm and a wall thickness of
0.75 mm was obtained and diced to a length of 4.5 mm. The PES tube is press-fitted
into the PDMS casing (Fig. 1c). A microscope glass plate, with in the center an aperture
of 3 mm, is provided with a thin layer (approximately 200μm) of PDMS (10:1 wt%) by
spin coating (500 RPM, 60 s). The PDMS is partially cured at 80°C for 7 min, and
brought into contact with the assembled bioreactor, in a manner that the 3 mm diameter
aperture of the microscope glass slide is centrally aligned with the inner diameter of
the PES tube. The construct is further cured for an additional 15 min, to provide the
PES/PDMS microbioreactor with a PDMS cover, sealing the culture medium channel
(Fig 1d).
4.2.3 On-chip measurements
Measurement of lactate from the bioreactor culture chamber was realized by
implementing the bioreactor into the commercial CE setup, including the integration of
the microbioreactor in the chip-holder and modification of the Minilab front cover. First,
the microbioreactor was prepared as indicated in figure 1a-d. Consequently, instead
of using the indicated microscope glass plate, the chip-holder was modified with a layer
of PDMS (Fig 2a).

Figure 2. Schematic illustration of the hybrid PES/PDMS bioreactor integrated into the
Medimate ® chip-holder. The culture chamber, containing the cells culture, is positioned
directly on top of the inlet of the Lab-chip (a). By pressing the PDMS casing, a small amount
of the culture medium will be dispensed into Lab-chip (b).

After a partial cure (7 min at 80°C), the microbioreactor was aligned with the PDMS
cover in the chip-holder and fully cured (15 min at 80°C). Next, a vertical channel was
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created in the approximately 2 mm thick PDMS cover, using a puncher of 0.5 mm in
diameter (Fig. 2b). To test the dispensing property of the PES/PDMS hybrid
microbioreactor, a hydrogel is brought into the culture chamber as cell culture
substitute. More specific, 1% agarose gel is dissolved in de-ionized water, heated to
70°C and injected into the culture chamber via the chamber inlet, followed by filling of
the culture channel by de-ionized water via the channel inlet. Once the agarose
hydrogel is formed, a 10 μl solution of 1 mM sodium lactate in de-ionized water is
pipetted on top of the agarose hydrogel via the chamber channel. The BGE prefilled
Lab-chip is inserted into the chip-holder (Fig. 2c). After incubation for 5 min, the top of
the bioreactor is slightly pressed down to dispense liquid (approximately 0.5 μl) from
the culture chamber into the microfluidic Lab-chip via the punched channel (Fig. 2d).
The microbioreactor-chip construct is then inserted into the Minilab system, on-chip
CE is performed followed by on-chip C4D measurements were performed of both
anions (lactate) and cations (sodium).

4.3 Results and discussion
4.3.1 Measurement of Lactate using the CE-minilab
Separate electropherograms were obtained of all spiked solutions, results show that
lactate was measured independent of the concentration or solvent. The set of lactate
concentrations measured in de-ionized water (Fig 3a) was plotted against the peak
surface area. A logarithmic function is obtained from the calibration curve (fig 3b),
which is due to a change in conductivity by the increasing concentration of the sample
in the Lab-chip. Assumed is that the increasing concentration of the sample and thus
ionic strength in relation to the BGE is causing electromigration dispersion. Here, the
local electrical conductivity is significantly changed in the sample zone making the
electric field concentration dependent. This results in an altered ion migration velocity,
and therefore, concentration redistribution of the sample by stacking or de-stacking. 16
0HDVXUHPHQWVRIODFWDWHLQĮ0(0 )LJ4a) and PBS (Fig 4b) showed that even the
impedance spikes of the 0.5 mM samples were distinguished from the back ground
signal. The interference oIVHFRQGDU\LRQVLQWKH3%6DQGĮ0(0VDPSOHZDVIRXQGWR
be minimal from comparing both peak areas.
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Figure 3. Sodium lactate measured in deionized water using the Minilab system. The resulting
electropherogram shows peaks of the present lactate anion at relative reference times (a).
These conductivity measurements of lactate samples (concentrations 0.5, 1.0, 2.0, 5.0 and 10
mM) are performed in individual Lab-chips. The peak areas are plotted against the
concentration, which gives a logarithmic function related to the increased conductivity at an
increased lactate concentration (b).

Figure 4. Sodium lactate measured in Į0(0 (a) and 0.1x PBS (b) using the Minilab system.
The resulting electropherograms shows peaks of the present lactate anion at relative reference
times for concentrations of 0.5 and 10 mM performed in individual Lab-chips. The peak,
present to the right of the lactate, represents the phosphate anion, resp. 0.9 mM and 11.8 mM.

In literature extracellular concentrations of lactate widely vary with the types of cells
and time point of sampling. In the general glucose metabolism, 50-100% of the glucose
is converted to the lactate metabolite, corresponding to a lactate concentration of 10
mM in murine fibroblasts (3T3) cell cultures17 and a concentration of 0.5 mM in Human
embryonic kidney cell cultures (HEK 239).4 Due to the origin of the HEK 239 cells, its
glucose metabolism is predominately anaerobic, which elucidates the relatively low
lactate concentration. In comparison, concentrations of over 20 mM are considered to
inhibit cell growth in most mammalian cell cultures. 18 The lactate concentrations in
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these cell cultures are well within the concentration range of the spiked lactate samples
which was successfully measured using the CE C4D setup.
4.3.2 Integration of microbioreactor
For on-chip measurement of lactate directly from the microbioreactor culture chamber,
a change in the reactor design was realized by integration of a porous PES tube, acting
as a barrier between the culture medium channel and the culture chamber. Here, the
primarily objective of the change in design was to prevent the degeneration of the
previously used agarose barrier, thus guaranteeing a leakage free system for longer
periods of time. Additionally, the integration of the PES barrier was found to simplify
the fabrication procedure and therefore favour the robustness of the system. The
hydrophilic properties of the PES material, combined with a pore design of which the
pore size decreases from the outer perimeter (200 μm at the culture channel) towards
the centre of the tube (5 μm culture chamber) has the potential to maximize culture
medium inflow without inducing cell or matrix damage by shear stress. To allow the
integration of a porous PES tube in the PDMS casing, a modification of the brass based
mold for the PDMS casting was required compared to the previously introduced
agarose barrier design.1 To ensure a leakage free microbioreactor, the PES tube was
press-fitted into the PDMS casing, which was then adapted with a thin PDMS cover
(fig 3d). This cover locks the PES tube into place, preventing leakage in between the
PDMS and the barrier. Additionally, the cover prevents leakage from the culture
channel to the culture chamber, at which the barrier is circumvented and medium flows
over the surface that the reactor has been adhered to. A similar procedure was
performed to mount the PES/PDMS microbioreactor onto an on-line CE measurement
system (Fig. 5).
Here the PDMS cover was formed according to the chip-holder (Fig. 2c). To enable
dispensing of a sample a vertical channel was realized with an approximately 0.5 mm
diameter, connecting the culture chamber with the Lab-chip. The hydrophobic
properties of the PDMS prevent flow of liquid from the culture chamber though this
channel without pressing the top of the bioreactor. Also, due to the relatively large
culture chamber inlets compared to this 0.5 mm channel, no reflow of Lab-chip content
is expected during the sample dispensing procedure.
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Figure 5. Image of the modified CE minilab system and the hybrid PES/PDMS microbioreactor
integrated with the chip-holder and Lab-chip (a). After dispensing a small sample from the
content of the microbioreactor culture chamber, the microbioreactor and Lab-chip construct is
inserted into the Medimate Minilab ® system for measurements (b).

4.3.3 On-chip measurements
In correspondence to the values presented in literature, concerning the lactate
concentrations in cell cultures, a spiked lactate sample (1 mM) in de-ionized water was
measured directly from the culture chamber of the bioreactor. Both anions and cations
are separated and the electropherogram shows signal peaks (Fig. 6), which are
identified as lactate and sodium. Although the surface areas were obtained,
quantification was not possible for this specific measurement, because the de-ionized
water contains no further ions for the use as an internal reference. Yet, in the case of
an DFWXDOFHOOFXOWXUHXVLQJFXOWXUHPHGLXPVXFKDVĮ0(0inorganic ionic compounds
as phosphate or chloride can be utilized as a reference compound.

Figure 6. Sodium lactate supplemented to the hydrogel in the culture chamber of the
PES/PDMS bioreactor. The electropherograms shows the measured lactate, background
electrolyte (BGE) and sodium peaks after separation (baseline corrected by Medimate Minilab
software ®).

4.4 Conclusions
A porous polyethersulfone (PES) tube was successfully utilized to form the PES/PDMS
microbioreactor. The PES hereby replaced the previously developed hydrogel barrier
in the microbioreactor, ensuring for a simplified and more robust fabrication process
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combined with an elongated life-time. The tuneable properties of this new
microbioreactor allowed also for the integration with a commercial on-chip capillary
electrophoresis system. The system adopts contactless conductivity detection, which
is suitable as a universal detector for diverse metabolite measurements in such
microtissue cultures. This allows for direct sample dispensing from the culture chamber
into the Lab-chip for on-line measurements, which was demonstrate for the cell culture
metabolite lactate in this work.
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5
Highly uniform sieving structure by corner
lithography and silicon wet etching
After the realization of the bioreactor enabling 3D culturing, combined with the possibility for a
biochemical readout, we evaluated the commercial microelectrode array (MEA) for potential
upgrades. The seeding of a commercial MEA relies on random seeding of neurons on the
planar electrodes, which could often lead to inactive electrodes for recording, as no neuron
was present at the location of the electrode. To solve this, we decided to fabricate a MEA
device allowing for the positioning of the neurons on top of the electrodes. A simple, and
effective way of positioning cells has been proven to be hydrodynamic flow through a sieve
structure. To integrate such a sieve structure in a MEA device, a silicon substrate was utilized
in contrast to the glass base of a commercial MEA. The crystalline orientation of the silicon
allowed for realization of an array of 900 pyramidal microsized pits by photolithography and
anisotropic etching. To form the actual sieve, the tips of these pits had to be removed, this was
done by deep anisotropic back-etching the silicon substrate to a <20 μm thick layer of 2.4 mm
in diameter. This deep-etching, however, resulted in a layer with a difference in thickness, and
thus non-uniform removal of the tips. This work is dedicated to counteract this difference in
height to obtain a highly uniform sieving structure.
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This chapter is based on the publication: B. Schurink, J.W. Berenschot, R.M. Tiggelaar
and R. Luttge. "Highly uniform sieving structure by corner lithography and silicon wet
etching." Microelectronic Engineering 144 (2015): 12-18.

5.1 Introduction
Culturing of single mammalian cells in microarrays gives the opportunity to better
understand cellular processes. When such arrays are built as sieves, the cells can be
positioned in a controlled manner and hydrodynamic flow can be applied for further
automation. In this way, a cell plugs a pore of the sieve and the hydrodynamic
resistance over the sieve area increases, thereby preventing other cells from being
seeded in the same pore position, hence a high spatial control is achieved. The
concept of a hydrodynamic cell trap array has already been proven to be successful.
Sieves for cell trapping mentioned in the literature show various configurations and are
fabricated by soft-lithography 1

2,

micromachining 3

4,

or both 5

6.

Furthermore,

microfabrication allows for functionalization of these cell traps with electrodes, which
can be used, for example, for high-throughput cell secretion studies. 7
Commercially available tools for extracellular electrophysiology of cells, so called
microelectrode arrays (MEAs), mainly support random seeding of cells on planar
electrodes in a 2D fashion. 8 In this work, we describe a novel fabrication process for
silicon sieves, which are intended to facilitate in vivo like neuronal stimulation and
recording experiments. The novel concept discussed in this paper envisages
integrated silicon sieves with electrodes for the hydrodynamic trapping of neurons. We
hypothesize that neurons that are captured in an 3D pore will have a higher
resemblance with the cells’ native morphology.
For the stated purpose, the key parameter in the microfabrication process is the design
of a silicon sieve with highly uniform pores and apertures. A high uniformity in pore
size and aperture is demanded to ensure reproducible cell trapping by a uniform crossflow. Such uniformity can be achieved by making use of the crystallinity of silicon in
combination with wet-etch techniques.
Silicon sieves with a well-controlled pore size diameter and thickness can be
microfabricated by aligned wet chemical processing of the top and the bottom side of
a silicon substrate and the use of an etch-stop layer. 9 The application of an etch-stop
layer requires silicon-on-insulator substrates, which are significantly more expensive
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compared to plain silicon. We can only manufacture one single silicon sieve from a 100
mm substrate because we chose the sieve dimensions compatible with a commercial
MEA reader, i.e. a footprint of 50 mm x 50 mm. Hence, material cost of the substrate
becomes critical with respect to the overall cost of goods of such a device and we
explore the optimization of a timed etch-stop with sacrificial structures as an alternative
fabrication process for this type of silicon sieves. To realize sacrificial structures, we
make use of the so called corner lithography, which is a technique based on the
conformal deposition and subsequent isotropic thinning of a thin film. 10 Hereby the
material that remains in the sharp concave corners of an anisotropically etched pit is
subsequently used as a mask to etch a self-aligned octahedrally shaped sacrificial
structure.11
Within this paper, firstly, we discuss the use of potassium hydroxide (KOH) for backetching of the sieve and the effect of variation in sizes and shapes of the back-etch
mask. Secondly, further optimization of the thickness non-uniformity was realized by
comparing KOH as well as tetramethylammonium hydroxide (TMAH) as etchants at
various temperatures and finally, we also investigated the influence of Triton X, as an
additive to TMAH.
In conclusion, we developed a novel batch fabrication process for silicon sieves that
enable the 3D trapping of cells compatible with the electronic lead frame of a standard
MEA readout systems.

5.2 Design of silicon sieves with highly uniform 3D pores
5.2.1 Sieve area, thickness and pore geometry
The silicon sieve is designed as an array, which contains 900 pyramidal 3D pores with
a square top opening of 20 μm and a square aperture size at the bottom of the sieve
of 3 μm. The pores are evenly distributed in a circular area of a radius, R, of 1.2 mm
ZLWKDSLWFKRIȝP )LJD 'XHWRWKHORQJGXUDWLRQ VHYHUDOKRXUV RIWKHGHHS
(>500 μm) anisotropic back-etch step, small non-uniformities introduced by hydrogen
generation, material impurities, and diffusion of the etchant and reaction products
become significant and result in unacceptable thickness non-uniformities of the sieve,
i.e. from a few micrometres to tens of micrometres (Fig. 1b). Such thickness nonuniformities will negatively affect the homogeneity in aperture size across the sieve
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area, as the pores will not be opened simultaneously (Fig. 1c). Therefore, a sacrificial
structure is realized underneath each pore to counteract the non-uniformity resulting
from the back-etch process. Corner lithography is used to realize these sacrificial
structures (Fig. 1d).

Figure 1. Schematic illustration of the fabrication of silicon sieves. By etching the top of the
substrate pyramidal shaped pores are formed within a circular sieve area. Subsequently a
timed deep wet anisotropic back-etch is performed to open the tips of the pores to form
apertures. Bottom-view of the sieve area (a) containing the pores (with radius R) and including
the peripheral area (W) and side-view thereof (b). Non-uniformities in the sieve thickness
resulting from the back-etch preventing simultaneous opening of the pores (c) (arrows).
Sacrificial structures etched underneath each pore to counteract the non-uniformity and
homogeneous apertures are obtained (d) (arrows).

5.2.2 Design criteria to compensate for the non-uniformity of the sieve thickness
For a successfully timed deep anisotropic back-etch of the silicon sieves, two design
parameters need to be satisfied. Firstly, the non-uniformity in sieve thickness,
measured as the maximal height difference over the etched surface at the location of
the pores, i.e. the circular area with a radius R (Fig. 1a and b), has to be smaller than
the height of the sacrificial structures. Secondly, the non-uniformity of the etched
surface in the peripheral region of the sieve (indicated by W in Fig. 1a and b), which
depends on the shape and size of the opening in the back-etch mask, must result in
VLOLFRQVLHYHWKLFNQHVVRIDWOHDVWȝP7KLVWKLFNQHVVLVFKRVHQWRJXDUDQWHHDJRRG
mechanical rigidity, which is required for further processing and application of the
sieves.
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Conform our estimated dimensions for the cells to be trapped, we can calculate that
based on an anisotropic etch-profile of (100)-Si etched in standard 25 wt% KOH at
75°&WKHGHSWKRIDUHVXOWLQJS\UDPLGDOSLWZLOOEHȝPZKHQDPDVN-opening of
ȝPLVXVHG
Figure 2a provides a cross-sectional view of the silicon sieve depicting the design
parameters including the dimensional etch tolerances achieved with the sacrificial
structures.

Figure 2. Schematic cross-section of the sieve prior to the back-etching (a). The dotted lines
indicate the difference in etched surface non-uniformities for horizontal and vertical oriented
substrates in the etching bath. The arrows indicate the direction in which the silicon is etched.
Indicated are WKHLQWHQGHGGLPHQVLRQVRIWKHSRUHEDVHOHQJWK ȝP DQGDSHUWXUHVL]H 
ȝP &DOFXODWLRQVVKRZ E WKDWWKHGHSWKRIWKHS\UDPLGDOSLWZLOOEHȝPDQGWKHDSHUWXUHV
DUHIRUPHGE\UHGXFLQJWKHGHSWKRIWKHS\UDPLGDOSLWE\Į ĮȝP 7KHUHIRUH we aim for a
VLHYHWKLFNQHVVRIȝP Į ZLWKDQRQ-XQLIRUPLW\RIDWPRVWȝP Į  GLPHQVLRQV
LQȝP 

7KHFRQFHSWLPSOLHVWKDWDSHUWXUHVZLWKDZLGWKRIȝPDUHIRUPHGE\UHGXFLQJWKH
GHSWKRIWKHS\UDPLGDOSLWE\Į ĮLVLQGLFDWHGLQ)LJ 2b, and its value is calculated to
be 2.1 μm). In order to obtain identical apertures for all pores in the sieve area after
back-HWFKLQJWKHWDUJHWWKLFNQHVVRIWKHVLHYHKDVWROLHZLWKLQWKHUDQJHRIĮIURP
WKH LQLWLDO SLW GHSWK RI  ȝP WKXV ZLWKLQ WKH UDQJH RI  WR  ȝP 5HVXOWLQJ
thereof, the non-uniformity at the location of the pores combined with the periphery
UHJLRQ 5:  RXWVLGH WKH VLHYH DUHD PXVW QRW H[FHHG  ȝP because then the
WKLFNQHVV RI WKH UHVLGXDO VLOLFRQ ZLOO ORFDOO\  EHFRPH OHVV WKDQ WKH VSHFLILHG ȝP
According to these two design criteria, a proper wet-etchant for the timed deep backetch step has to be found that yields a sufficiently low non-uniformity.
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5.3 Materials and methods
5.3.1 Sieve fabrication process applying corner lithography and back-etch
For the fabrication of the silicon sieves double-side polished p-type, (100)-oriented
silicon substrates (Okmetic, Finland) with a thickness of 525 μP   ȝP DQG D
resistivity 5-FPZHUHXVHGA dry oxide layer of 150 nm was grown at 1050°C. The
oxide was patterned with standard UV-lithography, thereafter the oxide was etched for
2.5 min through a photoresist mask with buffered hydrofluoric acid (BHF) at room
temperature resulting in the formation of circular openings with a diameter of
DSSUR[LPDWHO\ȝPDUUDQJHGRQDȝPSLWFKZLWKLQDUDGLXVRIPP7KLVPDVN
layout was positioned in the middle of the substrate (Fig. 3a).

Figure 3. Schematic view of the sieve fabrication process: lithography (topside) and oxide
patterning to define 900 circles (a), anisotropic potassium hydroxide (KOH) etching of silicon
for the formation of the pyramidal pits (b), removal of oxide and silicon nitride (SiRN) deposition
(c), isotropic etching of silicon nitride in phosphoric acid (corner lithography) (d), local oxidation
of silicon (LOCOS) (e), removal of silicon nitride from the tip (f), silicon etching by
tetramethylammonium hydroxide (TMAH) resulting in the sacrificial octahedral structure (g)
and removal of oxide (h), deposition of silicon nitride, backside lithography and deep
anisotropic back-etch. Note: not on scale.

During the BHF etch the backside of the substrate was additionally protected with
dicing foil. We used circles as a mask layout for anisotropic silicon etching because
such a shape has the advantage that it results in a perfectly self-aligned pyramidal pit.
After the oxide was patterned the resist was stripped and followed by a 25 wt%
potassium hydroxide (KOH) etch at 75°C for 17 min (Fig. 3b). Subsequently, the oxide
was removed in 50% hydrofluoric acid. Successively, a low-stress, silicon-rich silicon
nitride (SiRN) layer of 300 nm thick was grown by means of low pressure chemical
vapor deposition (LPCVD) as depicted in Fig. 3c. Corner lithography (selective removal
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of the SiRN) was performed using 85% phosphoric acid (H3PO4) at 180°C for 66 min
resulting in an etch rate of 6.1 nm/min. In such a way the thicker SiRN material is only
preserved in the tips of the pyramidal pits (Fig. 3d). After to the corner lithography, local
oxidation of silicon (LOCOS) took place by dry oxidation at 1050°C for 170 min. A SiO2
layer of 150 nm on the exposed silicon of the substrate was grown (Fig. 3e).
Consequently, the SiRN in the tips was selectively removed with H3PO4 at 180°C for
17 min also with an etch rate of 6.1 nm/min to access the silicon at the pit of the pyramid
(Fig. 3f), which was followed by a 25 wt% tetramethylammonium hydroxide (TMAH)
etch at 85°C for 100 min. Herewith, sacrificial octahedral shaped structures are formed
along the (111) silicon planes, which subsequently defines the aperture width (Fig. 3g).
After stripping the LOCOS layer in 50% hydrofluoric acid, a new SiRN layer was
deposited with a thickness of 250 nm by LPCVD (Fig. 3h). With standard UVlithography and plasma etching in CHF3/O2 the SiRN on the backside of the substrate
is patterned to serve as a back-etch mask for deep anisotropic wet etching, which was
performed after stripping the photoresist layer.
5.3.2 Selection of an etchant for the deep anisotropic back-etch process
Exploring back-etch conditions using standard KOH
Single-side polished p-type (100)-oriented silicon substrates (Okmetic, Finland) with a
WKLFNQHVV RI  P   ȝP DQG D UHVLVWLYLW\ RI - FP ZHUH XVHG IRU WKH
investigation of the back-etch process parameters. In the case of standard anisotropic
back-etching using 25 wt% KOH at 75°C, substrates are positioned either horizontally
(mask opening facing upwards) or vertically in the etchant. A special mask containing
various openings of different shapes and sizes (i.e. squares, rhomboids, hexagons and
circles with a half-width of 1.5, 2 and 2.5 mm) was applied as a test mask. To rule out
the influence of their position on the substrate, identical mask openings were randomly
distributed on three different locations of the test mask for back-etching. A 200 nm thick
LPCVD SiRN layer was deposited to serve as a masking layer, which was structured
by means of standard UV-lithography and plasma etching in CHF3/O2. After photoresist
stripping, the substrates were placed in a temperature-controlled etch bath under
magnetic stirring or ultrasonic agitation (0, 80, 130 or 180W)12 and were back-etched
up to the target thickness of the silicon sieve.
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Optimization of the deep anisotropic silicon back-etch process
The topside of the substrates was processed as described in section 5.3.1. For all
back-etch optimization experiments double side polished substrates with a circular
back-etch mask with a radius of 1.5 mm were used. The substrates were horizontally
positioned in the etchants applying magnetic stirring. For the optimization of the deep
back-etch step different etching conditions were used. Firstly, we compared the use of
25 wt% KOH at 75°C and 55°C as well as etching in 25 wt% TMAH at 85°C and 71°C.
Secondly, we investigated the use of an etch-additive, 0.1 v% Triton X (Sigma), in the
25 wt% TMAH at 71°C.
5.3.3 Analysis methods
Profiles and etch depths of KOH or TMAH deep-etched structures were measured with
a white light interferometry tool (Bruker WLI Contour GT-I). The thickness nonuniformities were determined from the obtained surface profiles, in which the maximal
difference in height was calculated over two intervals, respectively R (circular sieve
area) and R+W (overall etched surface, i.e. the sieve area and the periphery outside
of the sieve), of the etched structure (Fig. 1a and b). Thus, R is the radius of the sieve
area containing the pores, and R+W is the half-width of the square-shaped structure
realized by back-etching. Scanning electron microscopy (SEM) images are taken with
a FEI Sirion HR system.

5.4 Results and discussion
5.4.1 Realization of pyramidal pits and octahedral structures
After etching of the pyramidal pits with KOH, the base length of these pits turned out
WREHȝPZKLFKLVDERYHWKHWDUJHWHGȝP7KLVLVGXHWRWKHLVRWURSLFQDWXUHRI
BHF and mask under-etching by KOH. As a consequence, the pit depth was also larger
WKDQ WKH WDUJHWHG YDOXH  ȝP YV  ȝP UHVSHFWLYHO\  0RUHRYHU XSRQ WKH
formation of the sacrificial structure (by TMAH etching) the aperture was also larger
WKDQWKHWDUJHWYDOXHLHȝPLQVWHDGRIȝP7KHUHIore, the initial values of the
GHVLJQSDUDPHWHUQHHGHGWREHDGDSWHGVLQFHDQDSHUWXUHRIȝPUHVXOWVLQDQĮYDOXH RI ȝP7KLV LQ FRPELQDWLRQ ZLWK D SLWGHSWKRIȝP JLYHV D ³UHYLVHG´
WDUJHWWKLFNQHVVRIȝP ȝPĮ IRUWKHVLHYHwith a maximum thickness nonXQLIRUPLW\RIȝP Į 
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Although the pyramidal base length and aperture were slightly larger than the intended
values, this will not influence the ability of the sieve to trap cells of a diameter of
DSSUR[LPDWHO\ȝP$GGLtionally, these slightly larger values showed that the sieve
is fabricated with an aperture size that depends on the etching time for the formation
of the pyramidal pits and the sacrificial structures. This means that different pore sizes
can be obtained using the same mask design. In contrast, such a process feature is
not applicable for the pitch and the size of the sieve area, for which a new mask design
would be required.
By further optimization of fabrication process, an alternative approach to the corner
lithography technique described in section 5.3.1. was found. The utilized corner
lithography, including the use of a SiRN and LOCOS layer, can be replaced by using
a single oxide layer. This approach is explained in more detail in the supporting
information 1 of this chapter.
5.4.2 Back-etch performance using KOH
The depth uniformity in the deep back-etch step is crucial for obtaining highly uniform
apertures across the complete sieve area, and therefore this process step is thoroughly
investigated. We started with the use of 25 wt% KOH with a temperature of 75°C, which
is a standard etchant in our cleanroom facility, as given in the material section 5.3.2.
For this standard KOH-solution the influence of various etch parameters as well as
mask shape and size on the obtained surface (non-)uniformity were analyzed.
General etch conditions
Vertically positioned substrates exhibited a rather asymmetrical surface non-uniformity
(dash-dotted line in Fig. 2a), which might be the effect of the release of hydrogen
bubbles and reaction (half)products moving upwards in the etchant and therefore
preventing surface contact with fresh etchant. Placing substrates horizontally in the
solution – with the area to be etched facing upwards – resulted in a more symmetrical
surface non-uniformity (dotted line in Fig. 2a), since H2 bubbles and other (by)products
were perpendicularly released from the surface being etched. The influence of
magnetic stirring and ultrasonic agitation on the etch depth uniformity was not
significant. These factors only yielded a reduction of the roughness of the etched
surfaces. Therefore further processing was performed solely by magnetic stirring
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because of practical advantages in combination with horizontal positioning of
substrates in the etchant.
Shape and size of the back-etch mask
Different back-etch masks were used to study the influence of shape and size on the
surface non-uniformity of the back-etching of the silicon sieves using standard 25 wt%
KOH at 75°C processing in our cleanroom. Mask openings with a half-width of 1.5, 2
and 2.5 mm resulted in an overall etched surface with a half-width (i.e. R+W) of 1.2,
DQGPPUHVSHFWLYHO\IRUDWDUJHWHGVLHYHWKLFNQHVVRIȝP )LJD-c).

Figure 4. Schematic cross-section of the sieve after back-etch in 25 wt% KOH at 75°C and the
resulting measurements of the non-uniformity in the surface area defined by radius R and halfZLGWK5:IRUIRXUGLIIHUHQWPDVNVKDSHVDQGVL]HV%DFN-etch mask openings with a halfwidth of 1.5, 2 and 2.5 mm (top right) resulted in etched surfaces with a half-width of 1.2 (a),
 E  DQG PP F UHVSHFWLYHO\IRU DVLHYHWKLFNQHVV RI  ȝP 7KH QRQ-uniformity as
deviations of the sieve thickness (d–f) indicated in the insert of (a) for the three different halfwidth sizes and the four different shapes. The design criteria were set to a non-uniformity <
ȝPLQWKHVLHYHDUHDZLWKUDGLXV5 LQGLFDWHGDV5ȝP DQGDQRQ-XQLIRUPLW\ȝP
in the overall etched VXUIDFHDUHD LQGLFDWHGDV5:ȝP 

Etch depths and non-uniformities were measured for the various shapes and sizes,
and in Figure 4d-f the results are given for R as well as for R+W. In general, a larger
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mask opening gives lower non-uniformities within the sieve area (R) but at the same
time it results in a larger non-uniformity across the overall etched surface (R+W). When
looking solely at the mask shape, lowest non-uniformities were obtained for a
rhomboidal back-etch mask. More specific, not for all mask structures the design
criteria for radius R and half-width R+W – i.e. maximum thickness non-uniformities of
DQGȝPUHVSHFWLYHO\– were accomplished. In fact, of the different shapes, the
rhomboidal mask of 2.5 mm resulted in the lowest non-uniformity for R but at the edges
of the back-etched structure (i.e. in the periphery area outside the sieve) the silicon is
almost completely removed, as shown by the large non-uniformity for R+W.
This latter result indicates that the surface non-uniformity is predominately located at
the intersections of the <111>-oriented sidewalls and the <100>-oriented bottom of the
structure. This can be explained by the fact that KOH-etching of (100)-Si terminates at
(111)-Si planes and whether a mask opening for deep anisotropic back-etching is
properly aligned to the crystal planes.
Furthermore, during KOH-etching of the (100)-Si VXUIDFHDOD\HURI³VROXEOHJODVV´LV
produced which affects the diffusion of reaction products and fresh etchant from and
to the bulk silicon and thereby (slightly) reduces the etch rate. This effect is referred to
as the notching effect. 13 14 It becomes more severe if the etched area increases in size,
which correlates with the results depicted in Figure 4. The differences in depth nonuniformity for the various masks can be further explained by the amount of mask underetch. The square mask openings are aligned to the (100)-orientation of the substrate,
hence no under-etch of the SiRN-mask can occur. In contrast, the rhomboidal
structures are not aligned to the (100)-crystal orientation and silicon etching proceeds
underneath of the SiRN-mask layer until (111)-Si planes will intersect. Thus, in the
latter case – as well as for hexagonal and circular mask openings – a lateral etch-front
occurs. As a consequence of such lateral under-etching, notching occurs at the <100>plane, hence the footprint of the etched surface increases, thereby beneficially
reducing the non-uniformity of such a surface conform our findings for larger mask
openings.
The results in Figure 4 show that a set of mask shapes and sizes can be found that
enable the fabrication of the silicon sieves by deep wet etching with standard 25 wt%
KOH at 75°C, for example, using the rhomboidal mask shape with half-width of 2.0
mm. However, nearly for all the shapes and sizes, except for the smallest selected
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dimensions, the thickness of the residual silicon in the periphery outside the sieve is
only a couple of micrometers thick at the intersections of (100) and (111)-Si planes,
and the design criterion of a non-XQLIRUPLW\RIDWPRVWȝPLVQRWIXOILOOHG
In conclusion, the conditions that satisfy both design criteria cannot be accomplished
by using our standard cleanroom settings for back-etching. Therefore, other aspects
of the etching process were studied, i.e. the influence of the temperature of the etchant
solution, as well as the use of an alternative etchant.
5.4.3 Optimizing deep anisotropic silicon back-etching
We attempted to improve the uniformity of the anisotropic wet etchant by reducing the
etch rate of 25 wt% KOH as well as by the use of 25 wt% TMAH. For these experiments
only a circular mask opening with a radius of 1.5 mm was used, thus the overall etched
surface area only includes the sieve area without an outside peripheral area (R=1.2
mm, W=0 mm). Although such small back-etch mask opening is not beneficial for the
uniformity of the sieve area (Fig. 4d), it is favorable with respect to minimizing the nonuniformity outside the sieve area. Moreover, the use of a circular mask is preferred
because misalignment with respect to the crystal orientation of the substrate cannot
occur, which ensures reproducibility of any future deep anisotropic etching for batch
processing.

Figure 5. Bar diagram of the non-uniformity of deep etched silicon structures after KOH and
TMAH etching of horizontally placed substrates with 1.5 mm circular mask openings at various
etch conditions. According to the design criteria the non-uniformity in sieve thickness can be
DWPRVWȝP7KHUHIRUHexcept for the 25 wt% KOH at 75°C, all etchants can be used to
successfully fabricate the sieve.
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In Figure 5 the non-uniformities for the sieve area are summarized. These results are
discussed in details in the following sub-sections.
KOH as an etchant
Substrates, which were etched in 25 wt% KOH at 75°C result in an overall nonXQLIRUPLW\RIPZKLFKLVODUJHUWKDQWKHVWDWHGLQWHUYDORIĮRIP/RZHULQJ
the etchant temperature to 55°C has an improved overall non-uniformity of less than
2.4 μm. Thus, upon the use of 25 wt% KOH at 55°C for deep back-etching both design
criteria are satisfied. Although the decrease in etchant temperature results in a longer
etch time, the target etch depth can be accomplished more precisely.
Additionally, the low under-etch rate in KOH has, for our purpose, a beneficial
advantage. In detail, the etch depth of the (100)-Si plane (i.e. bottom of the KOH etched
IHDWXUH VXUSDVVHVWKHZLGHVWGLPHQVLRQRIWKHRFWDKHGUDOVWUXFWXUHDQGD³VOHHYH´RI
silicon remains, which is defined by the convex corners of the octahedral structure
upon under-etching (as indicated in Fig. 6a and b).

Figure 6. Images showing the so called “sleeve” structures after back-etching. Schematic
cross-section of the pore and aperture (a). These sleeves of silicon are beneficial for the
fabrication of the sieves, and are obtained due to the slow under-etch rates. Sleeves are
obtained by etching with KOH (b) and TMAH with the addition of Triton X (c). No sleeves are
obtained by TMAH etchant, only.

The size of the sieve apertures can thus be preserved even when the back-etched
silicon depth is outside the value stated in the design criteria. This is demonstrated in
figure 7, which shows the successful sieve fabrication using a rhomboidal mask
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opening of 1.5, despite a non-uniformity RI  P )LJ G  ,Q IDFW WKLV ³VOHHYH´
structure is also found to be beneficial for the mechanical stability of the sieve during
fabrication, which leads to a more robust fabrication process.

Figure 7. Schematic cross-section and SEM images of the sacrificial octahedral structures after
back-etching with 25 wt% KOH at 75°C using the rhomboidal mask opening of 1.5 mm. Despite
the resulting non-uniformity in the sieve thickness is larger than the permitted design criteria
YDOXHRIȝPWKHVOHHYHVVWLOODOORZIRUDVXFFHVVIXOVLHYHIDEULFDWLRQ

TMAH as an etchant
To investigate the influence of the type of etchant on the etch-depth uniformity,
substrates were placed horizontally in a 25 wt% TMAH under magnetic stirring and
were etched up to a sieve thickness of 18 μm. Substrates etched in 25 wt% TMAH at
71°C showed improved depth non-uniformities for the sieve area (R) in comparison to
sieves realized by back-etching in 25 wt% KOH at 55°C. The etch-rates of both
HWFKDQWVUHVXOWHGLQȝPPLQIRUWKHUHVSHFWLYHO\VHOHFWHGWHPSHUDWXUHs. However,
the non-uniformity IRU70$+HWFKLQJLVVLJQLILFDQWO\UHGXFHGWRȝP6LPLODUWR.2+
also TMAH showed increased non-uniformities for higher etchant temperatures, for
example, 25 wt% TMAH at 85°C resulted in a non-XQLIRUPLW\ RI  ȝP 7KH QRQuniformities obtained with TMAH as etchant for deep anisotropic back-etching were
within the interval of the sacrificial octahedral structures and clearly fulfill the stated
design criteria.
The increased etch rates of (111)-Si planes in the TMAH is responsible for the absence
RIVLOLFRQ³VOHHYHV´ (Fig. 6G <HWD³VOHHYH´VWUXFWXUHFDQEHREWDLQHGLQ70$+YLDWKH
addition of a surfactant. For example, Triton X is known to reduce the etch-rate of
silicon at convex corners by the formation of a masking monolayer. 15 The result
depicted in Fig. 6FLQGHHGFRQILUPVWKHSUHVHQFHRIUHPDLQLQJVLOLFRQ³VOHHYHV´LI7ULWRQ
X is added to TMAH. The addition of Triton X had no significant influence on the etch-
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rate of (100)-silicon nor the thickness non-uniformity. After removal of the silicon nitride
mask, the variation in size of the pores was measured. An aperture size of 3.2 μm with
a variation of ± 0.1 μm over the entire sieve area with a diameter of 2.4 mm was found
(Fig. 8a-c). This deviation primarily results from limitations in mask resolution and
variations in the mask transfer by UV-lithography, rather than due to wet etching as
these processes are based on self-alignment. 16

Figure 8. SEM images taken from the silicon sieve with well-defined apertures at different
magnifications after removal of the silicon nitride. Deep anisotropic etching was performed in
25 wt% TMAH at 71°C with 0.1 vol% Triton X (a–c).

5.5 Conclusions
We have developed a process for the fabrication of well-defined silicon sieves with
precisely controlled pore depth and aperture size. Anisotropic wet etching of both the
top and bottom of a silicon substrate was used, without the need for an etch-stop layer
or a relative expensive silicon-on-insulator substrate. Sacrificial octahedral structures
were etched underneath each pore applying corner lithography to counteract thickness
non-uniformities that occur during deep anisotropic back-etching of the silicon sieve.
The sacrificial structures enabled the formation of highly uniform apertures across a
large sieve area.
For both established etchants, KOH and TMAH, silicon sieves can be generated by
matching several combinations of etching conditions and the layout of the back-etch
mask. However, we found the best results for deep anisotropic back-etching by 25 wt%
TMAH at 71°C with 0.1 v% Triton X surfactant as an additive. We obtained a highly
uniform array of 3D pores, which were arranged on a pitch of 70 μm within a circular
sieve area with a radius of 1.2 mm. Each pore has a square aperture of 3.2 ± 0.1 μm.
The silicon sieve thickness of 18 μm has a non-XQLIRUPLW\ RI  ȝP )XUWKHU
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functionalization of these pores to realize 3D microelectrode arrays combined with
hydrodynamic cell trapping for electrophysiological studies on neuronal cultures will be
investigated in future research.

5.6 Supporting information
1. Sieve fabrication process applying corner lithography using oxide
Here an alternative approach to the fabrication of the silicon sieve described in section
5.3.1. is described. More specific, the corner lithography technique (using SiRN and
subsequently a LOCOS layer) can be replaced by the corner lithography with the use
of a single layer of oxide, which results in a nearly identical structure.
1.1 Materials and methods
For the fabrication of the silicon sieves double-side polished p-type, (100)-oriented
VLOLFRQ VXEVWUDWHV 2NPHWLF )LQODQG  ZLWK D WKLFNQHVV RI  P   ȝP DQG D
resistivity 5-FPZHUHXVHG$GU\R[LGHOD\HURIQPZDVJURZQDW&7KH
oxide was patterned with standard UV-lithography, thereafter the oxide was etched for
2.5 min through a photoresist mask with buffered hydrofluoric acid (BHF) at room
temperature resulting in the formation of circular openings with a diameter of
DSSUR[LPDWHO\ȝPDUUDQJHGRQDȝPSLWFKZLWKLQDUDGLXVRIPP7KLVPDVN
layout was positioned in the middle of the substrate (Fig. 1a). During the BHF etch the
backside of the substrate was additionally protected with dicing foil. We used circles
as a mask layout for anisotropic silicon etching because such a shape has the
advantage that it results in a perfectly self-aligned pyramidal pit. After the oxide was
patterned the resist was stripped and followed by a 25 wt% potassium hydroxide (KOH)
etch at 75°C for 17 min (Fig. 1b). Subsequently, the oxide was removed in 50%
hydrofluoric acid (HF). Successively, a dry oxide layer of 160 nm was grown at 1100°C
as depicted in Fig. 1c. Corner lithography (selective removal of the oxide) was
performed using 1% HF for 21 min resulting in an etch rate of 4.2 nm/min. In such a
way the thicker oxide material is only preserved on the walls of the pyramidal pits (Fig.
1d). After performing the corner lithography, the silicon at the tip of the pyramid was
etched by 25 wt% tetramethylammonium hydroxide (TMAH) etch at 75°C for 120 min
(Fig. 1e). Herewith, sacrificial octahedral shaped structures are formed along the (111)
silicon planes, which subsequently defines the aperture width. After stripping the oxide
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layer in 50% hydrofluoric acid, a low-stress, silicon-rich silicon nitride (SiRN) layer of
250 nm thick was deposited by means of low pressure chemical vapor deposition
(LPCVD). With standard UV-lithography and plasma etching in CHF3/O2 the SiRN on
the backside of the substrate is patterned to serve as a back-etch mask for deep
anisotropic wet etching (Fig. 1f), which was performed after the stripping the
photoresist layer.

Figure 1. Schematic view of the alternative microsieve fabrication process: lithography
(topside) and oxide patterning to define 900 circles (a), anisotropic potassium hydroxide (KOH)
etching of silicon for the formation of the pyramidal pits (b), removal of oxide and silicon nitride
(SiRN) deposition (c), isotropic etching of silicon nitride in phosphoric acid (corner lithography)
(d), local oxidation of silicon (LOCOS) (e), removal of silicon nitride from the tip (f), silicon
etching by tetramethylammonium hydroxide (TMAH) resulting in the sacrificial octahedral
structure (g) and removal of oxide (h), deposition of silicon nitride, backside lithography and
deep anisotropic back-etch. Note: not on scale.

1.2 Results and discussion
With the use of the oxide corner lithography approach the selectivity at the tip of the
pyramidal pore for etching the sacrificial octahedral is obtained directly. Where in the
case of the SiRN corner lithography multiple layers and wet etch steps are required to
achieve the same result. The difference between the oxide and SiRN approach is
based on the characteristic layer thickness of both materials at concave (and convex)
corners in comparison to the planar walls/surfaces.
In case of SiRN, a layer is GHSRVLWHGDWZKLFK³RYHUODSV´are observed at the concave
corners, resulting in ³DFFXPXODWLRQ´RIPDWHULDODQGWKXVa relative thick layer. For the
pyramidal pits utilized in the fabrication of the silicon sieving structure, when being
isotropically wet etched the SiRN material is removed first from the pore walls (and
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other planar surfaces), then the ribs of the pyramidal pores and subsequently the tips.
Finally, a LOCOS layer is needed as an inversion step to be able to etch the silicon at
the tip.
In case of the corner lithography using only a single oxide layer, a sharpened concave
corner is obtained due to increased consumption of silicon at these locations compared
to the planar surfaces. For the pyramidal pits utilized in the fabrication of the silicon
sieving structure, the oxide material is removed first at the location of the tip when
isotropically wet etched. Hereby no inversion step has to be incorporated as the silicon
tip can be etched directly.
The difference in both corner lithography approaches is related to the larger size of the
opened silicon tip (before the sacrificial structure etch) with the use of SiRN and
LOCOS, as no silicon was oxidized at the tip itself, in contrast to the single layer oxide
corner lithography approach. However, the effect of the difference in silicon tip opening
has only a slight influence on the etch time for the formation of the sacrificial structure.
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6
Microsieve electrode array fabrication
In this chapter the design and fabrication of a microsieve electrode array (μSEA) is described.
After the realization of the sieving structure (chapter 5), the silicon surface is isolated and the
electrode wiring material as well as masking layers are deposited. Here, doped poly-silicon
was chosen as the electrode wiring material because of its compatibility with low pressure
chemical vapor deposition (LPCVD) techniques and high temperature processing capabilities.
Various experimental settings were performed to obtain a poly-silicon layer with a low resistivity
by means of solid source dotation (SSD) boron doping. Selective opening of the insulation
layer at the ends of the wiring lines allows to generate well-defined contact electrodes
according to the layout used in commercial microelectrode array readers. Within this work the
main challenge lays in the simultaneously selective etching of material at both the planar
surface (contact electrode) as well as in the sieving structure containing the (3D) pores
(sensing electrodes). For the generation of biocompatible 3D electrodes in the pores a selfaligning technique was developed using the pore geometry to our advantage.
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6.1 Introduction
A decade after the development of microfabrication techniques for micro-electromechanical-systems (MEMS), electrical sensors were integrated onto planar surfaces
to realize the first microelectrode array (MEA) for extracellular reading of neurons in
cultured neuronal networks. Such MEA platforms are a frequently used tool for in-vitro
neuroscience and offer non-invasive, repeatable and long term monitoring of
spontaneous activity, plasticity, and screening of the effects of chemical and electrical
cues on the neurophysiological response. 1 Additionally, MEAs are used for high
throughput drug development and toxicology studies. 2

3 4

Common MEA designs rely

on random seeding of cells on top of the surface of a chip encompassing planar
electrodes. Consequently, the cells form a dense layer on the electrode array in a 2D
fashion. 5 However, such setup complicates distinction of active neurons from passive
ones in the network, which on its turn limits the quality of the electric coupling of a
neuron with an electrode. Furthermore, this brain model occurs to be less physiological
relevant compared to 3D cultured neurons, whereby even a few cell layers in a so
called microtunnel or fluidic channel can already make a substantial difference. 6

7 8

Therefore we attempt to improve the efficiency and quality of the electric coupling by
positioning single neurons into a 3D-shaped pore using hydrodynamic flow. To this
end, a silicon sieving structure has been realized containing 900 of such pores
arranged in form of an array of which 60 pores are functionalized with an electrode.
These electrodes are realized on the walls of the pyramidal-shaped pores featured in
the sieving structure. These features form a multi-wall electrode interface for neurons
to adhere to and allow the cells to maintain a more native, round (sphero-type)
morphology. 9 The neurons positioned in each of these pores will function as
transducers for a network function, if placed in culture with other neurons. Once such
a neuroelectronic interface is established, an extended hydrogel based neuronal
network can be added on top of the sieving structure to realize a full 3D
microenvironment for electrophysiological analysis (see also chapter 2 for details on
the influence of the extracellular environment on neuronal processes).
Here, we describe the integration of 3D electrodes in the silicon sieving structure as a
next step in the development of our brain-on-chip platform technology, the microSieve
Electrode Array (μSEA). The design and realization of this silicon sieving structure that
has been reported in chapter 5. 10 The fabrication process of the silicon sieve, shown
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in figure 1, contains highly uniform apertures for each of the 900 pyramidal pores with
a square opening of 20 μm at the top and a square aperture size of 3.2 μm at the
bottom of the 3D pore. The pores are evenly distributed in a circular area of a radius
of 1.2 mm and have a pitch of 70 μm. The functionalization is done by integrating
electrode material in the sieving structure. In fact, in one step, the electrode material is
patterned on the planar surface, functioning as contact electrodes, as well as on the
inclined walls of the pores to form the 3D-shaped sensing electrodes onto which the
transducer neurons will be positioned. To ensure a good electrical signal transfer
between the neuroelectronic interface and the readout equipment over time, a coating
with an ultra-low resistivity must be applied to the sensing electrodes which has a
relative low oxidation rate during cell culturing. 11 In this work a self-aligned silicide
process is selected to realize such well-defined sensing electrodes.

Figure 1. Scanning electron microscope images of the top side of the silicon sieving structure,
featuring 900 pyramidal pores in a circular area with a radius of 1.2 mm (a). The pores have a
base length of 20 μm and are distributed with a 70 μm pitch (b). The circular area containing
the pores has a thickness of approximately 16 μm and each pore has a highly uniform pore
aperture of 3.2 μm and presents a sleeve structure at the bottom side of the sieving structure,
as a remainder from etching. The exact size of each sleeve structure depends on the location
of the pore in the circular area of the sieving structure. Sleeve structures with the largest size
are located at the peripheral location of the sieving structure (c).

We demonstrate the integration and isolation of electrode material on the silicon
sieving structure to complement the electrical readout function. Hereby we also discuss
the various efforts to optimize photolithography atop of the silicon sieving structures
and present a technical solution for a selective etch step for both the planar surface as
well as the walls of the pyramidal-shaped pores, at the same time. Hereby, the
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realization of a novel self-aligned 3D electrode process finalizes the μSEA concept as
a brain chip platform technology. In conclusion, the μSEA provides a new type of
microelectrode arrays for the positioning of cells on 3D electrodes to the neuroscience
community.

6.2 Materials and Methods
In figure 2 the process for the fabrication of electrodes in the sieving structure, which
results in a fully functionalized μSEA, is depicted. The following subsections guide
through the different process steps in more detail.
6.2.1 Patterning of the electrode material
After realizing the sieving structure in the center of a double-side polished 4-inch (100)silicon substrate10, a silicon-rich silicon nitride (SiRN) layer of 250 nm (Fig. 2a) is
deposited by low pressure chemical vapor deposition (LPCVD, 60 min, 850°C). A polysilicon (poly-Si) layer of 220 nm is also deposited by LPCVD (80 min, 590°C or 620°C)
and subsequently dry thermal oxidation (45 min, 950°C) is performed to grow 25 nm
of oxide (Fig. 2b). Photolithography is performed on the top side, including spin coating
(4000 rpm, 30 s) of OiR 906-12 resist (Arch Chemicals), pre-baked at 95°C for 1 min,
UV exposed (12 mW/cm2) for 4 s (EVG 620 mask aligner). Next, the back side of the
sample is flood exposed by UV light for 20 s and developed in Olin OPD 4262
developer solution (Arch Chemicals), to define the electrodes and lead wire pattern in
the photoresist (Fig. 2c). Subsequently, the non-masked oxide layer is removed in
buffered hydrofluoric acid (BHF solution, 1:7, 40 s) (Fig. 2d). Subsequently, the resist
is stripped in nitric acid and then the exposed poly-silicon is removed with
tetramethylammonium hydroxide (25% TMAH, 1 min, 70°C) through the selectively
opened oxide masking layer. Finally, the residual oxide is removed with BHF to access
the patterned poly-silicon (Fig. 2e).
6.2.2 Doping of the poly-silicon
The patterned poly-Si is boron doped (Fig. 2f) by means of solid source dotation (SSD).
To provide the μSEA with boron-doped poly-Si of a low resistivity, various poly-Si
deposition temperatures and SSD-settings were explored. Poly-silicon films of 220 nm
were deposited at 590°C and 620°C, and subsequently boron drive-in was performed
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at temperatures of 950°C, 1000°C and 1050°C for 15, 30 and 60 min, respectively.
The boron oxide layer, formed during the SSD process 12, is etched in BHF (10 min),
followed by an oxidation step at 800°C to “crack” a thin B3O5 poly-Si layer. The hereby
formed oxide layer is again etched in BHF (10 min).
6.2.3 Patterning of the SiRN isolation layer
After the SSD process, the substrate featuring the patterned and doped poly-Si, - which
form the contact electrodes, the lead wires and the sensing electrodes - are electrically
isolated with SiRN (60 min, 850°C; 250 nm) (Fig. 2g). This SiRN isolation layer has to
be selectively removed to realize the contact and sensing electrodes. To achieve this,
a masking poly-Si (60 min, 590°C, 180 nm) layer is applied, which is wet-thermally
oxidized (16 min, 950°C) to grow a layer of 150 nm oxide (Fig. 2h), reducing the polySi layer to a thickness of 110 nm. Next, a layer of OiR 907-17 photoresist (Arch
Chemicals) is spin coated (4000 rpm) on the surface, pre-baked at 95°C for 1 min and
exposed by UV (12 mW/cm2) for 6 s (EVG 620 mask aligner) through a mask
containing the contact electrodes. Additionally, the backside of the sample is flood
exposed for 20 s by UV light (Fig. 2i), followed by development of the resist using Olin
OPD 4262 developer solution (Arch Chemicals), hereby removing all UV exposed
resist from the oxide layer. The exposed oxide (at the contact electrodes and the
complete backside of the sample) is removed by BHF (1 min) (Fig. 2j). The resist is
stripped in nitric acid (Fig. 2k), and subsequently the exposed poly-silicon at the contact
electrodes and backside of the sample is selectively etched in 25% TMAH (1 min,
70°C) using the oxide layer as a mask. At this point, upon continuing the TMAH etch,
the poly-Si is sacrificially etched from underneath the oxide, starting at the pore
aperture and continuing along the pore walls (Fig. 2l). It has to be noted that the time
duration of this TMAH under-etch step eventually determines the size of the sensing
electrode. Once the poly-Si is under-etched to the desired dimensions, the residual
oxide layer is removed using BHF (1 min) (Fig. 2m). The exposed SiRN is then wetetched by 50% HF (50 min) using the poly-Si layer as mask, until a thin layer of
approximately 20 nm of SiRN is preserved on the doped poly-Si (Fig. 2n). Next, the
masking poly-Si layer is removed by 25% TMAH (2 min), followed by a 50% HF etch
(5 min) to remove the remaining 20 nm of SiRN from the entire sample, hereby
accessing the doped poly-Si electrodes (Fig. 2o).
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Figure 2. Schematic illustration of the fabrication process of a sensing electrode in a single pore,
located at peripheral region of the sieving structure, conform the cross-section in figure 1c.

The silicon sieving structure is provided with a silicon nitride layer (a), poly-Si is deposited and
thermally oxidized (b).

Photoresist in spin coated on the surface, coating the pore walls and sleeve structures. UV
exposure through a mask on the top side results in the pattern of the sensing electrodes, lead
wires and contact electrodes. Next, a flood exposure is performed from the back side of the
sample to remove the resist at the “sleeve structures” and subsequently the resist is developed
(c). The oxide is patterned by BHF etching (d).

The photoresist is removed and the poly-Si is patterned by TMAH etching (e). After removal of
the oxide layer by BHF, the poly-Si is boron doped by means of solid source dotation (f).
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A second silicon nitride layer is deposited to cap the boron doped poly-Si electrode layer (g).
Then a sacrificial poly-Si layer is deposited and thermally oxidized (h).

Photolithography is performed using a mask containing the contact electrodes, followed by a
flood exposure of the back side of the sample (i). Subsequently, the oxide at the contact
electrodes and backside of the sample is etched by BHF (j).

The resist is removed (k) and TMAH is used to etch the poly-silicon at the contact electrodes,
the backside of the sample and from underneath the oxide layer at the sensing electrode (l).
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The oxide layer is removed in BHF (m) and the silicon nitride layer is time-stop etched in 50%
hydrofluoric acid until a thin layer is left (n).

The poly-Si layer is removed in TMAH and the thin silicon nitride layer removed in 50%
hydrofluoric acid to access the boron doped poly-Si contact electrodes and sensing electrode
(o). A titanium layer is sputtered on the top side of the sample (p).

Rapid thermal processing and selective RCA etching are performed for the formation titanium
silicide at the doped poly-Si and titanium interface (q).

6.2.4 Formation of low resistivity TiSi2 on the sensing electrodes and dicing
After SiRN is removed from the contact electrodes and the sensing electrode area,
native oxide is removed from the doped poly-Si with 1% hydrofluoric acid (HF) dip and
a thin-film of titanium (80 nm) is sputtered (Fig. 2p). To form the low resistivity titanium
silicide (C54-TiSi2) only at the poly-Si and titanium interface, a double step rapid
thermal processing (SSI Inc, Solaris 150) is performed (Fig. 2q). A first RTP (RTP1)
step is done under either nitrogen or forming gas (95% argon and 5% hydrogen) with
a ramping temperature rate of 50°C/s to 550°C, 650°C, 700°C and 750°C, once the
desired temperature is reached it is kept constant for 30 sec. During this step the C49
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phase TiSi2 is formed. A so called RCA-1 etch, consisting of a mixture of hydrogen
peroxide (H2O2), ammonium hydroxide (NH4OH) and water (H2O) (1:1:5), which
removes the non-reacted titanium and the side products, such as titanium nitride and
titanium oxide. A second RTP (RTP2) is performed under nitrogen with a temperature
of 850°C for 30 s, which is reached with a ramp rate of 50°C/s. Hereby the C49 phase
is converted into the desired low resistivity C54 phase. 13 To verify the formation of C54
phase titanium silicide at the locations of the sensing electrodes, Energy-dispersive Xray spectroscopy (EDX) analysis is utilized integrated within a SEM instrumentation
(Merlin HR-SEM, Zeiss). EDX analysis is performed 2 days after the formation of the
titanium silicide.
Finally, the μSEA, with a footprint of 49 mm x 49 mm, is diced from the 4 inch substrate.
Here, UV-foil (Adwil 210) is applied on both sides and during dicing (DISCO DAD 321)
to protect the μSEA. Before applying the dicing foil, a dummy piece of silicon is placed
on the location of the sieving structure, which prevents damage to the sieving structure
upon removal of the dicing foil.

6.3 Results and Discussion
In figure 3 an image of the completed μSEA is depicted. The results include various
explorative results to better understand the process challenges and are discussed step
by step in the following subsections.
6.3.1 Patterning of the electrode material
The silicon sieving structure has been realized in the center of a double-side polished
4-inch (100)-silicon substrate according to the previously reported process.10 The
surface of the substrate was isolated with a SiRN layer, on which the patterned
electrode base material was realized (Fig. 2a-e). Poly-silicon as electrode material has
a to have good compatibility with the SiRN isolation layer and enables high temperature
processing for the used LPCVD technology, which is not possible with metal based
electrodes. 14 Additionally, poly-Si was successfully patterned by wet etch processes,
which was possible because of its excellent selectivity for the majority of the used
LPCVD materials in wet etch processes. The initial thickness of the poly-silicon (220
nm) was reduced to approximately 200 nm upon oxidation, since the oxidation process
consumes part of the poly-silicon (i.e. in this case 20 nm).
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6.3.2 Doping of the poly-silicon
The patterned poly-Si is boron doped to obtain low resistivity material. Various poly-Si
deposition temperatures and SSD-settings were explored, of which the lowest
resistivity was used for further processing. Poly-silicon films of 220 nm were deposited
at 590°C and 620°C, and subsequently boron drive-in was done at temperatures of
950°C, 1000°C and 1050°C for 15, 30 and 60 min, respectively. In figure 3d, an
overview of the measured resistivity are given per experimental setting. The best result
was achieved with an initial 220 nm thick poly-Si film deposited at 590°C and SSD
boron-doping with drive-in settings of 1000 °C for 15 min. The resistivity of this layer
was 1.33 Pȍcm VKHHWUHVLVWDQFHȍVT ZKLFKLVLQDJUHHPHQWZLWKVLPLODUGRSLQJ
efforts described in literature.12 After boron doping, the poly-Si film has an average
thickness of 195 nm, due to some silicon consumption during the SSD process due to
the formation of boron oxide as dopant source.

Figure 3. Scanning electron microscope images of the patterned and boron doped poly-silicon.
The poly-silicon pattern forms the electrode layer consisting of contact electrodes, lead wires
(b) and sensing electrodes in the pyramidal shaped pores of the sieving structure (c). The polysilicon is boron doped by means of solid source dotation at different drive-in temperatures and
times. For boron doped 195 nm thick poly-Si electrode layer deposited at 590°C, the lowest
resistivity of 1.33 m FPis obtained for a drive-in temperature of 1000°C for 15 min.

6.3.3 Patterning of the SiRN isolation layer
After patterning and doping of the poly-Si layer, the applied SiRN isolating layer has to
be removed at the locations of the contact and sensing electrodes to ensure an
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electrical contact with the cultured neurons. The most straightforward approach is the
use of photolithography similar to the process for patterning of poly-Si for the formation
of the electrodes (described in paragraph 6.2.1, Fig. 2c and d). However, in contrast
to the resist used for patterning of the poly-Si, it is difficult to uniform expose a positive
photoresist at the location of the inclined pore walls. Only at the lower parts of the
inclined walls of the pores SiRN has to be removed, where eventually the transducer
neurons adhere to the sensing electrode. Multiple problems were encountered in the
trails to realize this selective removal of SiRN from the lower region of the pore walls
using conventional standard UV photolithography techniques. As conventional
photolithography is a technique developed for obtaining selectivity on 2D surfaces.
Similar to the poly-Si patterning process (Fig. 2c and d), accumulation of resist was
observed at the convex corners (i.e. the bottom of pores) when spin coated onto the
substrate surface. However for the removal of SiRN from the deeper parts of the pore
walls, in case of positive resist such accumulation of resist in combination with the
limited penetration depth of UV light prevented complete exposure of the nonconformal layer and thus development of the resist, leaving a remaining resist layer at
the pore walls which (partially) blocked removal of SiRN. Alternatively, negative resist
or image reversal resist could be used to avoid the exposure of resist in the pores.
Nevertheless, trials with negative SU8 resist failed and demonstrated that the SiRN
was still not fully removed from the lower parts of the pore walls because UV light was
reflected from the inclined pore walls during exposure, which led to unwanted crosslinking of accumulated resist. The latter prevented development and thus successful
removal of resist in the pore and hence the SiRN. To prevent this accumulation of resist
at the convex corners, positive spray coating was also explored. A thin (< 1 μm) layer
of resist was sprayed onto the sieving structure and subsequently exposed and
developed. The exposed SiRN was dry etched, which resulted in non-uniform removal
of SiRN from the pore walls. This negative result was thought to be the effect of the
relative small dispersed droplet size in relation to the droplet distribution, which
prevented the formation of a dense layer of resist of sufficient thickness. Although nonsatisfactory results were obtained using conventional UV photolithography techniques
for the simultaneous removal of SiRN at the contact and sense electrodes, the
observed results can be valuable for other researchers who need to perform
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lithography on topographical structures –here anisotropic etched pores – and therefore
experimental details are added to this chapter as supporting information 1.
In fact, for the successful removal of the SiRN from the inclined walls of the pores
(sense electrodes), a totally different lithography concept was developed, using the
geometrical properties of the sieve as mask. This approach, described in section 6.2.4,
is based on wet etching of sacrificial layers and the physical connection of the top and
bottom side of the sieving structure (Fig 1c). In more detail, LPCVD materials are
deposited on both sides of the sieving structure, yet these materials can be selectively
removed from both sides by a single process on the back side. Combined with the use
of the sieving structure geometry, the pore apertures can be utilized to access and
remove LPCVD material at the front side. With this concept, the size of the sensing
electrode is directly related to the duration of the time-stop etching step of the sacrificial
layer and can thus be tuned. Such tuning to the target final electrode size is an
additional asset of this concept. In practice for this concept, two techniques can be
utilized to process only the back side of the sample (which allows for the selective
removal of sacrificial poly-Si from both the front and back side), resp. the “sacrificial
layer dry etching” approach and the “sacrificial layer photoresist” approach.
In the “sacrificial layer dry etching” approach, described in more detail in the supporting
information 2, two consecutive dry etch steps are utilized. Although this approach can
be successfully applied for the selective removal of the SiRN insulation layer, the
obtained sensing electrode surface was found not to be identical for all pores in the
sieving structure, due to the difference in starting point of sacrificial layer etch.
In case of the “sacrificial layer photoresist” approach, the front side of the substrate is
coated with photoresist, the sample is exposed at the locations of the contact
electrodes and flood exposed by UV-light from the back side to remove photoresist
present on the sleeve walls. In fact, the described problems (i.e. resist accumulation
and limited UV penetration depth) of using photoresist and a photomask are not
applicable to this approach, as no exposure of resist has to be performed on the pore
walls. After development of the resist, the oxide is wet etched, removing the oxide from
the back side of the sample. After back side processing (oxide etching), at the top side
the resulting oxide layer exhibits a star-shaped opening in the pore (Fig. 5a).
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Figure 5. Scanning Electron Microscopy images of the wet etch approach. The oxide layer is
wet etched according to the photoresist pattern on the bottom side of the sample (a), followed
by removal of this oxide layer after the wet etching of the sacrificial poly-Si layer (b). The starshaped opening in the oxide resulting from the oxide etch transfers into a clover-shaped
opening after the poly-Si under-etch and this shape represents the sensing electrode.

This is likely due to wetting effects of the relative thinner oxide at the concave corners
of the pore in comparison to the pore walls. 15 After the sacrificial poly-Si etch, the starshaped opening changed to a clover shaped opening (Fig. 5b), indicating that poly-Si
in the concave corners of the pore is etched at a higher rate compared to the pore
walls.
Comparing both approaches, the photoresist route has the advantage of etching
multiple samples in one run, as well as the contact electrodes and sensing electrodes
can be accessed simultaneously. More important, photoresist route is non-depended
on the sleeve structures (and thence the starting point of the poly-Si under-etch), thus
potentially resulting in the smallest variation in sensing electrode surface area for the
μSEA.
Once the sacrificial poly-Si is patterned as required, the SiRN is removed by wet
etching the contact and sense electrodes. A thin layer of SiRN is preserved, which is
removed after etching the sacrificial poly-Si layer to protect the boron doped poly-Si
electrode layer.
6.3.4 Formation of low resistivity TiSi2 on the sensing electrodes and dicing
Upon removal of SiRN, thereby exposing the boron doped poly-Si electrode material,
the low resistivity titanium silicide (C54-TiSi2) could be formed by RTP and selective
RCA etching. Here, RTP was used instead of a heating furnace to minimize the dopant
depletion and to prevent for oxidation of titanium after sputtering. 16

17 18 19

The

temperature required to form the C49-phase TiSi2 on boron doped poly-Si of the
sensing electrodes by RTP was studied. The EDX spectra taken from the sensing
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electrodes show an increased concentration of titanium compared to the SiRN-isolated
areas in-between the pores if RTP1 is carried out at a temperature of 700 and 750°C.
This result evidences that the salicide process is successful at the sensing electrodes
in the pores, as well as that other titanium compounds are dissolved by the RCA-1
solution. Interestingly, at contact electrodes, which also feature a titanium/poly-silicon
interface, no TiSi2 is formed. It has to be noted that this is not a major issue, since the
connecting pins of the external readout system will easily penetrate through any
(native) oxide layer formed on the poly-Si on the contact electrodes of the μSEA. This
difference – i.e. presence of titanium silicide at the sensing electrodes and absence at
the contact electrodes – can be addressed to the difference in temperature between
the relatively thin (<20 μm) silicon sieving structure and the bulk silicon substrate (525
μm) onto which the contact electrodes are located. During the RTP1 process of 700°C
and 750°C, the temperature is raised rapidly (50°C/s) to form TiSi2, however, most
likely the temperature of the contact electrodes does not reach the required silicidation
temperature of 700°C. Failed attempts to obtain C49-phase TiSi2 on the sensing
electrodes at RTP1 temperatures of 550°C and 650°C suggest that the temperature
difference is between the sieving area and the bulk-Si area at least 150°C for a sieve
temperature of 700°C. Although a heatsink effect is not uncommon for such
micromachined membrane structures20, modeling of the thermal profile shows
temperature differences of <50°C between the sieving structure and bulk-Si. The
temperature difference of >150°C is thought to occur because of used the heating
source and its effect on the (111)-Si orientation of the pore walls in comparison to the
(100)-Si orientation of the contact electrodes. Assumed is that the near infrared
radiation used in the RTP process is transmitted through the substrate upon
illumination when perpendicular to the (100)-Si plane at temperatures below 800 °C. 21
In case of surface roughness, here the (111)-Si planes of the pores, significantly more
light, and thus heat, is absorbed. 22 In addition, the presence of the highly boron doped
electrode layer also adds to this increased light absorption. This assumption is
supported by EDX measurements at the SiRN on the pore walls, which indicated that
an unexpected titanium silicide compound was formed during the salicide process (Fig.
6), which was limited to solely the pore walls. More precise, titanium silicide
compounds are formed on SiRN at the pore wall, and most of this unexpected silicide
compound is formed just above the sensing electrode (i.e. in the low region of the
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pore). The amount of unexpected titanium compound that is formed on the SiRNcoated pore walls scales with the pore aperture, and thus inherently depends on the
sieving structure thickness. More specific, the height along the pore wall (starting from
the aperture) up to which this titanium compound appears increases for larger the pore
apertures.

Figure 6. Scanning Electron Microscopy images with EDX analyses of a pore after the
formation of titanium silicide by a RTP-1 at 700°C and RTP-2 of 850°C. The EDX analyses
show titanium traces at the boron doped poly-Si sensing electrode (I), unexpected titanium
traces on the SiRN at the lower region of the pore wall (II) and no titanium traces on the SiRN
at higher regions of the pore wall (III) in (a), (b) and (c). The zoom-in of the unexpected titanium
silicide compound (II) shows the morphology of poly-Si and reveals grain boundaries (b).
Electron beam voltage: 10 kV (a and c), 1.6 kV (b). The results of the EDX analyses for
locations I, II and III are indicated for the elements nitrogen, oxygen and titanium. The silicon
element is not shown in this figure, yet the values are resp. 90.9, 82.1 and 88.6 wt%

The identification of this unexpected titanium silicide compound is based on the RCA1 etch (excluding the hereby dissolved species: titanium, titanium oxide and titanium
nitride) and literature. 23 Titanium-rich silicide (Ti5Si3) and TiSi are possible candidates.
The formation of these silicides is mainly observed as a problematic feature at
WHPSHUDWXUHVRI&LQWKHIDEULFDWLRQRIJDWHHOHFWURGHVXVLQJ7L6L2. 24 From our
experiments, this unexpected titanium silicide compound seems to be formed on the
pore walls at RTP-1 temperatures as low as 550°C, under both nitrogen and forming
gas, while Ti5Si3 and TiSi formation is reported for a 600°C RTP in an argon ambient
and not a nitrogen ambient.24 This also supports our assumption that the pore walls
reach significantly higher temperatures compared to the RTP temperature settings
(including the temperature measured by internal thermocouple in the RTP system).
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Analysis by SEM show that this titanium silicide compound (formed on the SiRN) has
the morphology of poly-Si and reveals grain boundaries (Fig. 6b). This is an indication
for the formation of the unexpected titanium silicide, for which a silicon donor is needed.
Thus, atomic reorganization of the excess silicon content of the low stress silicon-rich
silicon nitride (SiRN) layer seems to account for the formation of a layer of unexpected
titanium silicide.
The formation of the unexpected titanium silicide compound could not be prevented,
since it is formed at lower temperatures compared to the aimed C54-TiSi2 on the doped
poly-Si. Yet no electrode short-circuiting nor enlarged noise of sensing electrodes can
occur, despite the fact that these titanium silicides compounds have conductive
properties, since they can be considered as a “floating electrode” part. This assumption
is based on the fact that the unexpected titanium silicide compound is not connected
to the target titanium silicide formed on the poly-Si surface (sensing electrode),
because of differences in height of the poly-Si and SiRN on the pore walls (Fig. 6b and
c). More specific, the SiRN on top of the poly-Si has a thickness of 160 nm and the
unexpected silicide does not bridge this “height gap”.
Since the unexpected silicide compound formation cannot be prevented and does not
negatively affect the sensing electrode, further analysis of this compound on the SiRN
is not performed.

Figure 7. Photos of the final μSEA device with a footprint of 49 x 49 mm. The front side of the
μSEA (a), presenting the contact electrodes, lead wires and the sieve structure featuring the
pores with integrated sensing electrodes. All electrode material consists of boron doped polySi, the lead wires are isolated with a silicon nitride layer, while the sensing electrodes are
provided with a titanium silicide layer. The backside of the μSEA (b), showing the sieving
structure originating from deep anisotropic back-etching of the silicon substrate.

After the formation of, presumably the C54-phase titanium silicide on the poly-Si at the
sensing electrodes by a second RTP (850°C), dicing of the μSEA is performed. A
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footprint of 49 mm x 49 mm is realized, which is in agreement with the dimensions of
a commercial Micro Electrode Array (MEA) readout system (Multi Channel Systems,
Reutlingen, Germany). Post to dicing and the removal of the dicing foil, the μSEA
device is finalized and ready for cell experiments (Fig. 7).

6.4 Conclusions
A μSEA device for electrophysiological measurements supporting the generation of a
complete 3D culture of neuronal cells is fabricated. In this work we demonstrate that
poly-silicon is successfully patterned, doped and isolated at both the (100) and (111)Si planes. A lithography concept has been developed, based on the physical
connection of the top and bottom side of the sieving structure combined with sacrificial
layer etching. This concept, is used for the removal of the isolation layer at electrodes
and allows for the tuning of the final target electrode size. The hereby exposed boron
doped poly-silicon sensing electrodes are provided with a titanium silicide (C54-phase
TiSi2) coating that has a potential lower oxidation rate compared to poly-Si, thereby
providing and maintaining a low resistance contact between the neuron and the
electrode.

6.5 Supporting information
1. Patterning of the SiRN isolation layer: photolithography
Due to the topography of the sieving structure, i.e. the non-planar substrate surface
onto which photoresist has to be patterned, conventional spin coating of photoresist
leads to a non-conformal coating thickness. More specific, accumulation of resist in the
pore is observed, i.e. filling the pore with resist. As a consequence, exposure problems
occurred, which are described below in detail for various resists (figure SI-1). These
problems resulted in improper selective SiRN removal of the sidewalls of the pore and
thus improper definition of the sensing electrode.

1.1 Positive photoresist
Standard spin coating (4000 rpm, 30 sec) was performed using positive photoresist for
a relative thin layer (OiR 906-12; 1.2 μm thickness). The limited penetration depth of
UV light in this positive resist prevented complete exposure of the accumulated resist
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and thus development, leaving a residual (non-exposed and non-developed) layer of
resist at the pore walls which (partially) blocked removal of SiRN (figure SI-1a and SI2).

Figure SI-1. Schematic illustration of photolithography using different photoresists for the
selective removal of the SiRN isolation layer for realizing the sensing electrode at the pore
walls. Shown is photoresist (red color) at the UV light exposure (yellow color) and subsequently
development. Thin positive resist (a) and thick positive resist (b) and thin image reversal resist
(c) show resist accumulation in the pores after spin coating. Applying positive resist on the
sieving structure by spray coating resulted in a discontinuous layer (d). The use of negative
resist (e) resulted in unwanted resist cross-linking.

An alternative method uses a planarizing layer of thick positive photoresist AZ9260
(MicroChemicals), which was dynamically spin coated to (nearly) fill the topography in
the substrate with resist (~15 μm) to avoid light reflection and hence improve exposure
results (figure SI-1b).

Figure SI-2. SEM image of thin positive resist spin coated onto the sample surface.
Accumulation of photoresist in the pore prevents successful exposure and thus limits the
removal of SiRN to certain locations on the pore wall (arrows).
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The dynamic coating protocol involved a low spin speed followed by high spin speed:
upon applying the AZ9260 to the substrate followed by spinning at 500 rpm (10 sec)
and 2500 rpm (60 sec), a planar layer thickness of ca. 9 μm was obtained. Despite the
achieved fairly planar resist layer and expected higher penetration depth of the UV light
(compared to the thin layer OiR 906-12 positive resist), not all resist was removed from
the pores post to development, for which reason not all SiRN could be removed.
1.2 Image reversal photoresist
Based on the non-satisfactory results for illumination of positive photoresist at the pore
walls/in the pores, a switch was made to image reversal resist. The properties of such
resist allow for UV-exposure outside the pores to achieve dissolution of resist from the
pore walls during development (this in contrast to the investigated positive resists,
which require illumination inside the pores). At first dynamically spin coated Ti35
(MicroChemicals) was applied, which gave a semi-planarizing resist thickness of ca.
3.5 μm after dynamic spinning at 500 rpm (10 sec) and 3000 rpm (30 sec) and
subsequently pre-baked (120 sec, 95°C) and exposed (23 sec) by UV-light using a
mask (figure SI-1c). After 10 min rehydration of the resist at room temperature, an
image reversal bake was performed (120 sec, 120°C) followed by a flood UV light
exposure step (without a mask; 60 sec) and resist development (120 sec). However,
after 4 sequences of flood exposure and development still not all resist was removed
from the pores, up to a point where even the resist layer on the planar surface between
the pores was removed. Thus, a relatively thick image reversal resist layer of several
microns does not yield the required photoresist pattern. Also, a thin layer of image
reversal resist was explored for the proper removal of the SiRN from the side walls of
the pores. Ti09 (MicroChemicals) image reversal photoresist was dynamically spin
coated (10 sec at 500 rpm, 30 sec at 4000 rpm; planar layer thickness ca. 1 μm) onto
the substrate, pre-baked (120 sec, 95°C) and exposed (23 sec) by UV-light using a
mask. After 10 min rehydration of the resist at room temperature, an image reversal
bake is performed (120 sec, 120°C) followed by a flood UV light exposure step (without
a mask; 60 sec) and resist development (120 sec). Subsequently, a second cycle of
flood exposure (60 sec) and development (30 sec) was performed. Yet, comparable
results were obtained to the use of the thick image reversal resist: a single exposureand-development cycle failed to remove the resist from the pore walls, while upon a
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second exposure-and-development cycle the resist was also removed from the
undesired locations between the pores.
1.3 Spray coating positive photoresist
In order to prevent accumulation of resist in the pores, spray coating of positive resist
(OiR 907-17, 1.8 μm thickness) was explored to realize a conformal coating across the
patterned surface of the sieve structure. Although a more uniform resist thickness was
achieved with spray coating compared to spin coating, post to UV-exposure and
development it turned out that i) the uniformity was not sufficiently high to avoid
improper removal of resist from the pore walls (figure SI-1d), and ii) the obtained results
with spray coating were not identical for all pores (inhomogeneous exposure results).
The combination of these two issues resulted in randomly tattered edges at the resistborders, which were transferred into the SiRN layer upon etching, thereby introducing
inconsistencies in removed SiRN-areas between pores.
1.4 Negative photoresist
In line with the image reversal approach, thus to prevent exposure of the pore walls,
negative resist (SU-8 MicroChemicals) was utilized. This negative photoresist was spin
coated for 30 sec at 4000 rpm; planar layer thickness ca. 4 μm) onto the substrate,
soft-baked (5 min, 95°C) and exposed (10 sec) by UV-light using a mask.
Subsequently, a post-bake was performed (4 min, 80°C) followed by resist
development by a spray developer (4 min) and rinsing with isopropanol. However, it
turned out that the pores were almost completely blocked by the resist, indicating
unwanted cross-linking (figure SI-1e). This is assumed to be the result of UV light
reflection on the inclined pore walls. Although the use of negative resist might solve
the problem of the accumulation of resist and allows for removal of the SiRN from the
lower parts of the pore, the inconsistency of the resist between pores and the lack of a
tunable electrode surface prevents it to be a favorable approach.
2. Patterning of the SiRN isolation layer: dry etch approach
The first dry etch step (i.e. plasma etching with CHF3) was applied to remove the oxide
from the contact electrodes (after conventional UV lithography). The second dry etch
step, i.e. (argon) ion beam etching (IBE), was performed to remove the oxide layer
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from the back side of the sample (perpendicular to the (100)-Si plane of the sample).
In fact, a directional parameter has to be taken into account, as oxide is also present
on the walls of the sleeve structure, which consists of (111)-Si planes. On (111)-Si
planes the oxide layer is thicker than on the (100)-Si plane (assuming a directional
argon beam that is oriented perpendicular to the (100)-Si plane). In fact, on the sleeves
((111)-6LSODQHV WKHR[LGHWKLFNQHVVLVLQFUHDVHGZLWKDIDFWRU¥ LHFRV  
and upon removal of oxide from the (100)-Si plane, oxide remains on all sleeve walls.
This directly influences the starting point for the sacrificial poly-Si under-etch process,
as the sleeve structures are not identical in height and width along the sieve area
(figure SI-3a and b).

Figure SI-3. The effect of the direction of ion beam etching (IBE) in the “dry etching” approach
on non-identical sleeve structures (green arrows), resp. perpendicular to the (100) and (111)Si plane. The sleeve structures, present on the bottom side of the sieving structure vary in size.
Sleeves depicted in (a) and (c) are found at the center of the sieving structure, whereas sleeves
shown in (b) and (d) are found at the peripheral region of the sieving structure. Due to this
variety, the sleeves will give rise to different starting points for the poly-Si under-etch (dark
arrows). Thus different sized openings of the poly-Si in the pore are obtained, eventually
leading to non-identical sensing electrode surfaces area in the μSEA.

As a consequence, after the sacrificial poly-Si etch non-identical poly-Si openings in
the pores are observed, resulting in different electrode sizes between pores at the
center or peripheral region of the sieving structure. In an attempt to correct for this
directional parameter, IBE of oxide was performed under a 35° angle (i.e.
perpendicular to the sleeve (111)-Si plane) in combination with a rotation of the sample
stage during IBE. Yet a similar problem was encountered as for IBE etching
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perpendicular to the (100)-Si plane. A shadow masking effect caused by the opposite
pore wall (figure SI-3c and d) still results in different starting locations for the poly-Si
under-etching due to the different sleeve sizes along the sieve area (figure SI-3a and
b). Although these differences in the starting point of poly-Si etching will result in
deviations in the electrode size between pores, the dry etch approach can be applied
for the removal of SiRN from the pore walls (figure SI-4c and d).

Figure SI-4. SEM images indicating the use of the “dry etching” approach with ion beam etching
(IBE) of oxide under a 35° angle (i.e. perpendicular to the sleeve (111)-Si plane). The sleeve
structures (a and b), present on the bottom side of the sieving structure vary in size due to their
location on the sieving structure. The sleeve depicted in (a) is found at the center of the sieving
structure, whereas sleeves shown in (b) are found at the peripheral region of the sieving
structure.
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Microsieve electrode array characterization
After the successful fabrication of a silicon sieving structure for the capturing of single neurons,
this microsieve was further functionalized with electrodes by advanced thin film
nanofabrication, resulting in a microsieve electrode array (μSEA). We have studied the
electrical properties in relation to the mechanical features of the 3D micropores and discuss in
this chapter the details of characterizing the used materials for their purpose as electrode and
isolation material, respectively. Hereby, conform studies documented in literature, the
impedance of the sensing electrodes inside of the pores has been measured and analyzed.
Furthermore, the biocompatibility of the μSEA for its future application in
neuroelectrophysiology was investigated by the use of different type of neuronal cells.
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7.1 Introduction
The positioning or patterning of mammalian cells on arrays for single cell studies has
been performed for multiple objectives, including cell identification 1, manipulation 2 and
monitoring 3. Positioning can be achieved by chemical or physical methods. Where
chemical positioning relies on chemical modification of the surface by either rejecting
or attracting cells 4, physical methods are based on acoustics 5, dielectrophoretics 6,
magnetics 7 or hydrodynamics 8. The most common way to hydrodynamically position
cells in fluidic devices, is by realizing small side channels in a large main channel.
Hereby, cells can be positioned, or patch-clamped, aspiring small volume from the side
channels by suction. 9 By transferring this hydrodynamic positioning method to a large
array allows for the integration of microsensors for high throughput single cells
analysis. 10 This principle can be a valuable asset for neurology in the case where
microelectrodes are used for recordings of electrogenic cells, in a so-called
microchannel array (MCA) 11

12,

which allows for the positioning of cells on a

membrane. Compared to the conventional tool for in-vitro neurology, the microelectrode array (MEA), these MCA devices still present the positioning sites in a 2D
formation, while numerous studies have shown the importance of 3D culturing of cells
for more physiological relevant measurements. 13
The microsieve electrode array (μSEA) developed and discussed in this work is an
upgraded MCA, which allows for hydrodynamic positioning of cells in 3D pores
containing the sensing electrodes. This μSEA was developed in this PhD project as an
in-vitro tool for neuroscience research. It is based on a silicon sieving structure,
supporting uniform hydrodynamic positioning of cells by cross flow sieving on
electrodes realized in the sieve pores. The sieving structure consists of a total of 900
pyramidal pores within a circularly shaped sieve area with a diameter of 2.4 mm. Either
60 or 120 of the 900 pores are provided with electrode material for extracellular
recordings of electrogenic cells. Although the fabrication principle of the 60 and 120
electrodes in the μSEA is identical, only the 60 electrode design is used for
measurements and is further reported in this chapter. The complete fabrication process
and general properties of the μSEA functioning as a novel cell culture device have
already been described in chapter 5 (silicon sieving structure) as well as chapter 6
(integration of electrodes). However, the selected materials and the dimension of the
sensing electrode are important aspects in the design and fabrication of the μSEA.
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Therefore this chapter is dedicated to motivating the selected materials and the shape
and size of the sensing electrode upon the use of mammalian cells, particularly with
neuronal cells. The base material for patterning and fabrication of the silicon sieving
structure is monocrystalline silicon, the most common substrate material used in
MEMS technology. Silicon has a relative high thermal stability and its crystallinity
allows for uniform (anisotropic) etching. 14 The silicon substrate, or base material, is
provided with a 200 nm thick insulating (1018 ȍ·cm) LPCVD low stress silicon richsilicon nitride (SiRN) layer. The SiRN material has a very good thermal compatibility
with the silicon regarding stress. 15 In terms of biocompatibility, especially by adding a
monolayer of polymer coating, the SiRN enhances the in-vitro survival and
development of neuronal cells. 16 Also, SiRN is explored as the material for
reconstructive spinal and orthopedic applications. 17
Many electrode materials have been applied during the development of MEAs. The
first commercial devices consisted of a single electrode material, namely gold 18,
platinum 19, or indium-tin oxide 20 (ITO). As an alternative to metals, more exotic
materials such as doped diamond 21 and graphene 22 are currently explored, while
titanium nitride 23

24

(TiN) is used in many of todays microelectrode array devices as a

standard. Also, poly-3,4-ethylenedioxythiophene (PEDOT) polymer is utilized as
electrode material, as it is compatible with flexible MEA designs. 25

26

The more exotic

materials are favored for their low impedance and relatively low oxidation rate at
atmospheric environments. Although the favorable properties of the more exotic
electrode materials have been proven in literature, the compatibility with the rather
complex μSEA fabrication is questionable. In more detail, wet etch chemicals used in
the fabrication process for the removal of films and cleaning of surfaces prior to
deposition processes are known to etch also most metals, nitrides and oxides. 27

28

Additionally, high temperature processes tend to degenerate or degrade most metals
and (PEDOT) polymers. 29

30

With these design restrictions in mind, poly-silicon (poly-

Si) was selected as an electrode material, which is well known as a MEMS material
that is highly compatible with high temperature processing and possesses excellent
wet etch selectivity against oxide and nitride layers. The rather relatively high resistivity
of poly-Si itself can be adjusted by doping, which has been reported already in chapter
6. The hereby obtained resistivity of doped poly-6LLVPāFPLQFRPSDULVRQD
sputtered layer of TiN of comparable thickness was found to have a resistivity of 1.5


Chapter 7

PāFP. 31 The direct use of doped poly-silicon, as electrode material, for in-vitro MEAs
has been reported 32

33,

although the use of these poly-silicon devices have not yet

been reported for in-vitro extracellular single unit recordings. The concept of multiple
needle microelectrodes for in-vivo applications based on poly-Si material already
confirm the material’s biocompatibility. 34

35

Demonstrated is that poly-Si exhibits no

significant cytotoxicity and can even enhance neuronal processes in neuroblastoma
rat (B50) cells. 36
To favorably prepare the interface between the electrode and cell in terms of coupling
and resistivity, additional coatings are applied to the sensing electrodes to reduce the
impedance. Porous platinum black has been utilized for a number of devices in the
literature 37

38 39,

however, its mechanical fragility considerably restricts the life-time

and re-usability of the MEA. More practical examples of sensing electrode coatings
include iridium oxide nanotubes 40, carbon-nanotubes 41 as well as gold nano-flakes 42,
nano-grains 43 and nano-pillars 44. In this work, another approach is chosen. A silicide
coating has been applied to the sensing electrodes. The selected salicide process is
preferred for the self-aligning technique based on high temperature processing of a
metal/silicon interface, which is a particularly suitable approach for the functionalization
of the inclined walls of the integrated pyramidal pores featured in the μSEA. Other
techniques such as the use of selective etching or lift-off techniques in these 3D
geometrical structures tend to be challenging. To explore the self-aligning concept
during electrode fabrication, titanium has been chosen as metal source for the
formation of titanium silicide. Although the titanium silicide formation requires higher
temperatures compared to other metal silicides, its reported bulk resistivity of around
13 āFPis low compared to other metal silicides, including tantalum, molybdenum,
cobalt and tungsten. 45 Additionally, the biocompatibility of titanium alloys has been
proven extensively, especially for bone implants because of its anti-inflammatory
activity. Also, in relation to applications for neuronal cells, titanium was utilized with the
purpose of either enhancing cell adhesion in form of a thin film or directly as electrodes
in microelectrode arrays. Yet, not much is known about titanium silicide in biological
applications although recently titanium silicide has been used in diamond based
microelectrode arrays as lead wires.21
In general, the electrode impedance for the detection of small extracellular signals of
10 -100 μV amplitude VKRXOG EH LQ WKH RUGHU RI N DW  kHz. 46 To measure
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extracellular signals in this range of microvolts, the electrode surface needs to be
limited in size, otherwise too much noise from the neighboring cells will be picked up.
In comparison, the impedance values for planar TiN electrodes are 30-50 Nfor 30
μm diameter electrodes and around 250-400 NIRUPdiameter electrodes at 1
kHz.23 In case of a modified sensing electrode, e.g. gold nano-flakes on a gold
electrode with a size of 15 μm, an impedance of NDWN+] was found, which is a
40-fold improvement compared to planar gold electrodes.40 A modified platinum
electrode (45 μm in diameter) with a stable deposited porous platinum structure gave
an impedance in the range of ca. 10 to 40 NDW.17 kHz. 47 Even lower impedance
values were obtained for TiN electrodes provided with carbon nano-tubes and a 100
μm diameter, which was  N DW  N+] ZLWK D QRLVH OHYHO of  ȝ9rms, yielding a
respectable signal to noise ratio of 135. 48 For poly-silicon in literature electrode
impedances of 5Nwere obtained for an electrode with a diameter of 20 μm, due
to the growth of native oxide on the electrode surface.19
In this work, an effort was made to use titanium nitride as electrode material for the
μSEA as an alternative to the TiSi2-boron-doped-poly-silicon sensing electrodes
(chapter 6). Hereby the compatibly and flexibility of the fabrication process for another
electric material was studied. Furthermore, the tuning of the sensing electrode shape
and size of the TiSi2-boron-doped-poly-silicon in the pores of the sieving structure is
explained in depth. Also, first attempts were made to perform electrical characterization
of the poly-silicon sensing electrodes. In addition, initial neuronal cell culture studies
were performed on the novel μSEA, including positioning and culturing.

7.2 Material and methods
7.2.1 Titanium nitride as alternative electrode material
Two silicon sieves were fabricated as described in chapter 5. A layer of 200 nm low
stress silicon-rich silicon nitride (SiRN) was deposited. On top, a 25 nm thick titanium
nitride (TiN) layer was deposited by means of atomic layer deposition (ALD,
Picosun™). Directly afterwards, a 110 nm LPCVD poly-silicon (poly-Si) layer (590°C,
36 min) was deposited, which was oxidized (950°C, 45 min) to obtain a stack of polySi (90 nm) and oxide (33 nm). The oxide was patterned by lithography and buffered
hydrofluoric acid (BHF). The photoresist was removed and the poly-Si is etched by
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25% tetramethylammonium hydroxide (TMAH, 70°C, 40 sec). The TiN could now be
patterned using a so-called RCA-1 etch, consisting of a mixture of hydrogen peroxide
(H2O2), ammonium hydroxide (NH4OH) and water (H2O), (1:1:5). Next, the oxide on
top of the patterned TiN was etched by 1% hydrofluoric acid (30 min). The poly-Si was
removed by 25% TMAH (70°C, 40 sec) to inspect the TiN layer by SEM (Zeiss Merlin).
The resistance of the TiN material was measured at a contact electrode after the
deposition of the TiN layer and after the removal of the poly-Si, using microprobes
connected to a multimeter (UNI-T UT61E).
7.2.2 Size and shape of the poly-Si sensing electrode in the μSEA
In the μSEA fabrication process, boron doped poly-Si is used as electrode material,
which is patterned on the planar surface (described in chapter 6) to form square contact
electrodes of a width of 2200 μm, lead wires with a decreasing width of resp. 200, 120,
30 and 10 μm and size and shape tunable sensing electrodes inside the pores. In more
detail, the sensing electrodes consist of electrode material patterned in the pyramidal
pores on its four walls up to a certain height, which gives rise to redundant electrode
surface area. The upper pore opening in the fabricated μSEA was fixed to at 20 μm,
which was selected based on the average size of a mammalian cell in solution (10
μm). After complete insulation of the sample surface by SiRN, the contact electrodes
and only a part of the boron doped poly-Si in the pores are revealed (the sensing
electrode) by locally removing this insulation. In the following the principle of insulation
removal by sacrificial layer etching will be shown for only the sensing electrode, as this
approach has no significant effect on the size of the contact electrodes due to their
relative large size (2200 x 2200 μm), whereas it has a large influence on the size,
shape and surface area of the final sensing electrode. The tuning of the sensing
electrode can be done using two time-stopped etch steps in μSEA fabrication process.
The first time-stopped etch step comprises the patterning of the poly-Si (Fig. 1a and b,
indicated by I and II; red arrows). In more detail, the poly-Si layer is patterned with the
use of an oxide layer, which is patterned by lithography. After oxide patterning, the
poly-Si is under-etched along the pore walls from both the pore entrance (Fig. 1a and
b, indicated by I) as well as the pore aperture (Fig. 1a and b, indicated by II). Thus, the
duration of this poly-Si etch step results in an extended removal of electrode material
related to the mask design. Although this etch step can be used to reduce the electrode
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size in the pore, its use is limited, as the (less significant) contact electrodes and (more
significant) wires (10 μm in width) are etched as well (Fig. 1a and b, also indicated by
I).
The second time-stopped etch step comprises the removal of the SiRN insulation layer
sensing by sacrificial layer wet etching (Fig 1a and b, indicated by III; green arrows),
which is explained in more detail in chapter 6. Here, the poly-Si sacrificial layer is
under-etched to define the removal of SiRN from the doped poly-Si on the pore wall.
This process is started from only the pore aperture and results in the final size of the
sensing electrode, and thus the electrode surface for recording.

Figure 1. Schematic illustration of the tuning of the size and shape of the sensing electrode.
The sensing electrode (red) is realized on the (111)-planes of an anisotropic etched inverted
pyramidal shaped pore, which is insulated by a SiRN layer (green). The options for tuning its
dimensions (top view: a, side view: b) arise from two steps in the μSEA fabrication process. In
both steps, (sacrificial) poly-Si is time-stopped under-etched, which allows for tuning the polySi electrode layer (indicated by red color) on the pore walls and removal of the SiRN layer
(indicated by light-green) atop defines the sensing electrode size. During the first step, the
poly-Si electrode layer is etched starting at the pore entrance and pore aperture (indicated by
I and II; red arrows). With respect to this resulting electrode layer, in the second step, the SiRN
layer is removed (indicated by III; green arrows) starting from the pore aperture. Examples of
possible electrode sizes and shapes according to the etching parameters I-III are provided in
c-e.

Although the tuning of both these time-stopped etch steps is performed at different
points in time during fabrication, it is clear that they are related. As a result, the sensing
electrode surface will always be a location in the lower part of the pore (i.e. close to
the aperture). This feature not only allows for tuning the size of the sensing electrode,
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but also the shape and its location in respect to the pore aperture. Various optional
sensing electrode shapes, sizes and locations are provided in figure 1c-e.
7.2.3 μSEA electrical characterization
Three μSEAs (devices A, B and C) were used for electrical characterization, 25 days
after titanium silicide formation. The electrode noise is measured by a FA60s filter
amplifier and a C1060BC preamplifier (MultiChannelSystems GmbH, Reutlingen,
Germany). The noise was measured after 5 min of signal stabilization. A homebuilt
Labview program was used for noise analysis and data collection. The noise of the 60
electrodes was averaged for each of the three μSEA devices. The impedances of the
sensing electrodes in the μSEA are measured using two setups.
Setup 1
Setup 1 includes a homebuilt impedance setup (Biomedical Signals and Systems
group, University of Twente), which is used for the characterization of commercial TiN
MEAs. This setup consists of a FA60s filter amplifier, a C1060BC preamplifier
(MultiChannelSystems GmbH, Reutlingen, Germany), a function generator (Hewlett
Packard 3245A) coupled to a DC power supply (Phillips, PE 1542). A homebuilt
Labview program was used for the data collection. The impedance was measured over
a range of 10 to 20 kHz at decreasing amplitude of resp. 500 to 36.0 mV. Each μSEA
is loaded into the amplifier setup to connect the 60 spring-loaded pins to the 60 contact
electrodes. The silicon base of the μSEA is grounded by adhesive copper electrical
tape to the bare silicon edges. All measurements are performed inside a Faraday cage.
A PDMS slab (30x20x5 mm) with a punched reservoir with a diameter of 8 mm was
adhered to the center of the topside of the μSEA, a 1x Phosphate Buffered Saline
(PBS, Sigma Aldrich) solution was added to cover the sensing and reference
electrodes.
Setup 2
Setup 2 consists of a LCR meter (Hewlett Packard 4284A Precision) with four-terminal
pair configuration for external wiring correction. One pair of tungsten microprobes
(Probing Solutions Inc. U.S.A. model 407B) is positioned on the reference electrode
(or PBS solution) and the other pair on the designated contact electrode. Impedance
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measurements are performed by applying a voltage amplitudes in a range of 0.1 V to
2 V at a frequencies of 20 Hz to 100 kHz. Measurements are performed between either
a contact sensing electrode and the reference electrode with the addition of PBS
solution or between the PBS droplet itself and a contact sensing electrode.
7.2.4 Positioning of μSEA transducer neurons
The positioning of the so called “transducer neurons” in the pores of the μSEA was
studied using three cell types. The used cell types are rat cortical neurons, SH-SY5Y
cells and rat hippocampal cells. Prior to positioning cells, the μSEA it was sandwiched
in between two PDMS slabs, with dimensions of 30x20x5 mm (length, width and
height). Before adhering the PDMS slab to the μSEA at the top it was punched with a
diameter of 8 mm to form a reservoir. On the back side of the μSEA, a PDMS slab is
attached, that was punched with a diameter of 0.6 mm to connect a tube fitting to a
capillary with 0.5 mm diameter and a length of 100 mm coupled to a 1 mL syringe (Fig.
2).

Figure 2. Schematic illustration of the positioning of transducer neurons on the sensing
electrodes, establishing the neuroelectronic interface. The PDMS reservoir and PDMS slab
are adhered on either side of the μSEA device. Dissociated neurons in 10 μL are brought on
top of 50 μL culture medium in the PDMS reservoir. Suction is applied by means of a syringe,
reducing the volume in the PDMS reservoir to 10 μl.

Prior to mounting the PDMS slabs to the μSEA, all parts were disinfected with 70%
ethanol and rinsed with phosphate buffered saline (PBS). A volume of 50 μL culture
medium is pipetted into the reservoir before transducer cell positioning. The used
transducer cells were rat cortical neurons in R12 enriched culture medium 49, SH-SY5Y
cells in Dulbecco’s Modified Eagle Medium (DMEM) with retinoic acid 50 or hippocampal
neuronal cells in Neurobasal medium 51. The cortical and SH-SY5Y were diluted to a
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GHQVLW\ RI  FHOOVȝL, respectively 10 μL of the cell solution (approximately 1000
cells) was added on top of the already present 50 μL culture medium. Suction was
applied by the syringe for 30 s, facilitating a flow through the μSEA device until the
culture medium in the reservoir is reduced by 50 μl. This leads to positioning of the
transducer cells into the pyramidal pores that contain the sensing electrodes. Of the
used transducer cells, cortical neurons were positioned and stained with a
LIVE/DEAD® assay (Sigma Aldrich) two hours after positioning. Images were taken by
a fluorescence microscope (Leica, DM IL LED). Transducer cell positioning efficiency
was studied for cortical and SH-SY5Y cells, respectively, which were stained by Green
CMFDA Dye (CellTracker) directly after positioning. The seeding efficiency was
calculated for the number of occupied pores in the μSEA in relation to the total number
of pores. The hippocampal neuronal cells were diluted to 6000 cells/ȝ/ and were
present in the reservoir in 50 μL culture medium, no suction was applied.
Unstained transducer cells (rat cortical, SH-SY5Y and hippocampal cells) were
provided with 50 μL of their specific culture medium, which was refreshed each other
day for further cell culturing, for the duration of 14, 7 and 21 days, respectively.
Conform the used sieve cross flow used for the positioning of transducer neurons, a
model in COMSOL software is realized to obtain an indication of the amount of shear
stress at the walls of individual pores during positioning of the cells. The data was
obtained for a flow of 0.1 ml/min, conform the positioning experiments, in which 50 μL
is flown through the 900 pore apertures of the sieving structure in 30 s.

7.2.5 Culturing and analysis of μSEA transducer neurons
All transducer cells were cultured by refreshing the appropriate culture media every
other day. The hippocampal neuronal cells were observed by light microscope at 10x
magnification at 3, 10 and 21 day in-vitro (DIV) (in collaboration with the Istituto Italiano
di Tecnologia). The cortical cells were cultured for 14 DIV at the University of Twente’s
MIRA facility for neuronal cell culture. The SH-SY5Y cells were cultured for 7 DIV at
the Microfab lab of Eindhoven University of Technology. Both cortical and SH-SY5Y
were prepared for Scanning Electron Microscopy (SEM) analysis (JEOL JSM 5610) to
study neuronal processes and thus viability. A standard protocol was used including
fixation, dehydration and drying. 52 In brief, the μSEAs containing the cells were washed
with PBS, fixated with 4% paraformaldehyde, washed with PBS and dehydrated with
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70, 80 and 90% ethanol in PBS and 100% ethanol. After removal of the 100% ethanol,
the samples were air dried by hexamethyldisilazane (HMDS) treatment. This step
included adding HMDS in ethanol (1:2), replacing with HMDS in ethanol 2:1 and
replacing with HMDS, which was air-dried. The SEM images were analyzed for the
investigation of the neuronal processes and the resulting cell morphology.

7.3 Results and discussion
7.3.1 Titanium nitride as alternative electrode material
Because of the potentially favorable properties of TiN as electrode material, an effort
was made to use TiN as electrode material for the μSEA. A thin TiN layer was obtained
by ALD, deposited on top of the insulating SiRN layer on top the silicon sieving
structure. However, the patterning of the TiN into electrodes turned out to be quite
complicated because of the lack of etch selectivity of TiN towards dielectric materials
as SiRN and SiO2, by means of, for example, phosphoric acid (H3PO4) and 50%
hydrofluoric acid (HF), which are well-known etchants. 53 Also, the within the MESA+
Nanolab cleanroom obligated standard pre-furnace cleaning of the TiN samples by
fuming (100%) and boiling (69%) nitric acid (HNO3) (prior to poly-silicon LPCVD) was
found to etch the TiN layer. Moreover, the etchant used for the patterning of the TiN
layer, RCA-1, has been identified to lead to non-uniform etching, which is conform
literature. 54 In order to keep the samples clean and avoid the use of pre-furnace
cleaning, the poly-Si layer was deposited directly after the ALD process, which was
used for patterning and also functions as a protective capping layer. After the
deposition of this poly-Si layer, optical inspection showed a non-uniform distribution of
one or multiple layers (i.e. poly-Si and/or underlying TiN), where it seemed that one or
more layers on the silicon surface “moved” due to the LPCVD process temperature.
Later in the TiN patterning process, i.e. after patterning of the poly-Si layer, this nonuniformity was found to be present in the ALD TiN layer and probably the consequence
of a mismatch between thermal expansion coefficients mismatch of the used materials.
SEM inspection showed that on planar locations of the sieving structure, i.e. on the
surface where TiN is removed by RCA-1 etching, residues are present (Fig 3). In fact,
the locations at which the TiN had to remain (i.e. the contact electrodes, wires and pore
walls) the TiN sort of dewetted, giving rise to a non-continuous layer (Fig. 3). It is
believed that thermal induced mechanical stress between both materials (poly-Si and
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TiN, and probably also the SiRN) occurs during poly-Si LPCVD at 590°C, and that
thermal expansion problems cause the TiN to degrade. Alternatively, also the diffusion
of excess silicon from the SiRN into the TiN layer can be a reasonable explanation for
the observed degradation of TiN as an electrode material55, as an infinite electrical
resistance was measured. The formation of a non-conductive titanium silicide is
plausible and is in agreement with the observations in chapter 6. This silicide formation
is supported by the fact that TiN on the planar surface could only be partially etched in
RCA-1, resulting in remaining particles. Furthermore, both these particles and the
degraded TiN on the pore walls could not be etched by 50% hydrofluoric acid, which
also indicates that the material and remaining particles on the SiRN surface are not
the deposited ALD TiN material.

Figure 3. SEM images of the silicon sieving structure containing SiRN (200 nm) and patterned
ALD titanium nitride (TiN) (a, zoom in of the pore entrance b). The patterning is performed to
preserve TiN on the pore walls and to remove the TiN from the planar surface in between the
pores. The images show residues on the planar surface after TiN etching and degraded TiN
on the pore walls.

For proper use, integration and further optimization of ALD TiN electrodes in the μSEA
device, attention should focus on thermal expansion mismatch and interlayer diffusion.
Alternatively, a wide variety of other electrode materials could be used, including
metals and even polymers, but these should be compatible with microfabrication
processes. Keeping in mind the etch selectivity of the electrode material relation the
applied insulation layer atop. Also important to consider: both the patterning on the
planar surface and inside pores has to be realized equally well, which was found to be
a challenge for the μSEA design (chapter 6).
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7.3.2 Size and shape of the poly-Si sensing electrode in the μSEA
The electrode size and shape (i.e. the amount of surface area) for three fabricated
μSEA devices varied despite that all three have undergone the same fabrication
process, except for the etch times during poly-Si electrode patterning and removal of
SiRN insulation. As a consequence, different sized electrodes and electrode shapes
are obtained (details in section 7.2.2). The etch times are provided in table 1, the
resulting sensing electrodes are shown in figure 4.
Table 1. μSEA device specifications
Device

Aperture

ET for poly-

Poly-Si

ET for sensing

Sensing

length

Si patterning

layer SA

electrode

electrode SA

2

(μm)

(s)

(μm )

(min)

(μm2)

A

1.9

90

249.4

10

3.1

B

2.4

50

270.3

10

18.5

C

2.2

75

242.0

20

32.3

The electrode dimensions of the three analyzed μSEAs (A, B and C). For each
μSEA the dimension of the pore aperture is given. Furthermore, etch times (ET)
and the resulting poly-Si layer surface area (SA) on the pore walls and the surface
area of the sensing electrodes are given.

Figure 4. SEM images of pores containing the sensing electrode for three μSEA devices (A, B
and C). The sensing electrode surface area (arrow) is related to the etching times for the polySi electrode material and the SiRN insulation layer atop, which allows to tune the size and
shape of the electrodes among different μSEA devices.

Clearly, it can be seen that the size and shape of the sensing electrodes can be varied
by altering the etch times of the poly-Si and SiRN. The shape of the sensing electrode
can be either a “bucket” or a “band” in the deeper parts of the pore. Moreover the
sensing electrode surface area can be tuned from a few microns to tens of square
micrometers. The option of tuning the electrode shape, location and size per μSEA
device is helpful in obtaining the best available recording signals. Here, transducer
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neurons, or other electrogenic cells, which are positioned in the pores need to be in
intimate contact with the sensing electrode. The location where the cell is positioned
in the pore mainly depends on the cell size, which can greatly differ between the cell
types and the origin of the mammalian species. Thus, it is valuable to be able to finetune the exact electrode location and size according to the cell size.
7.3.3 μSEA electrical characterization
The three μSEAs (devices A, B and C) have been used for the electrical
characterization of the sensing electrodes. The baseline noise of all tested μSEA
devices is below 15 μV, which is sufficiently low to distinguish amplitude changes up
to 100 μV during the recording of neuronal activity. In comparison, commercially
available planar TiN microelectrode arrays show a baseline noise of approximately 8
μV.31
A signal input of 100 mV at 1 kHz was selected as the basis for comparison to reported
MEA devices in literature. Reported impedance values of TiN and ITO coated
electrodes are 30-NIRUDQHOHFWURGHVXUIDFHRIP2 and 250-NIRUDQ
electrode surface of 78.5 μm2, respectively.31 Impedances of polycrystalline silicon
thin-film porous sensing electrodes (20 μm in diameter) reported in literature are 100
N without native oxide and 500 N with native oxide.32
Setup 1
Impedances measured for the sensing electrodes of the three μSEA devices using
setup 1 were approximately 7 M, with a phase shift of -88°. The impedance as a
function of the frequency shows a logarithmic linear decrease (Fig. 5a) and semiresistive behavior for low frequencies (<10 Hz) and capacitive behavior for the high
frequency range (10 Hz – 20 kHz) (Fig. 5b). The found impedance of approximately 7
0(at 1 kHz) for all three devices is significantly higher compared to the planar TiN
MEA and polycrystalline silicon thin-film electrodes documented in literature. 31 32 The
observed difference in impedance values might be related to the relatively small
sensing electrode surface area of the μSEA compared to the sensing electrodes
documented in literature and those of the commercial MEA devices. In regard, the
difference in sensing electrode surface could imply that the used setup 1 is not optimal
for μSEA characterization in terms of electrical input or measurement. This assumption
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is also supported by the roughly identical impedances obtained for the three μSEA
devices using setup 1, which is rather particular since each device has a different
sensing electrode surface. A similar observation accounts for the measured
impedance of the reference electrode compared to the sensing electrodes, which were
also found to be of the same orders of magnitude.

Figure 5. Impedances measured for all 60 sensing electrodes of the three μSEA devices using
setup 1 (curves overlap) (a) and the averaged phase shift (b).

Another possibility for the high impedance values as recorded with setup 1 is the
presence of an electrical leakage of the insulation layers, due to which the electrical
system behaves like a parallel combination rather than a serial combination of RC
circuit elements. To exclude the presence of leakage, resistance measurements were
performed upon applying a DC-potential of 21 V. Hereby the reference electrode
contact was connected to the sensing electrode contact, which showed infinite
resistance. Upon filling the PDMS reservoir with PBS, a UHVLVWDQFH RI  0 was
obtained, which indicates the absence of leakage or short-circuitry of the SiRN layers,
as expected.
Setup 2
The size of the reference electrode versus the size of the sensing electrode can affect
the overall impedance. In our case the integrated single reference electrode has a
surface area of 0.22 mm2, whereas the four reference electrodes in the TiN MEA have
a surface area of 8.4 mm2 each. The effect of the relatively small reference electrode
in the μSEA can potentially be avoided by the use of an external reference. To do so,
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the tip of a microprobe with a surface of 1.52 mm2 is brought into the PBS solution.
This is shown by using setup 2 for impedance measurements between the contact
sensing electrode and the reference electrode with the addition of PBS (Ref to
Sensing) and between the PBS droplet and the contact sensing electrode (PBS to
Sensing) of μSEA device C. First, a measurement without the addition of the PBS for
Ref to Sensing shows an impedance of around 3.6 M ZLWK D SKDVH VKLIW RI
approximately 0° for 100 mV at 1 kHz.
For the Ref to Sensing measurement with PBS, an impedance of approximately 360
N, with a phase shift of -78°, for 100 mV at 1 kHz was obtained. In detail, the
impedance as a function of the frequency shows a logarithmic linear decrease (Fig.
6a, Ref to Sensing) and shows capacitive behavior in the low frequencies (10 Hz - 8
kHz, Ref to Sensing) and resistive behavior the higher frequency range (10 kHz – 100
kHz) (Fig. 6b, Ref to Sensing). For the PBS to Sensing measurements, an impedance
DSSUR[LPDWHO\NZLWKDSKDVHVKLIWRI-67°, was found for 100 mV at 1 kHz. The
impedance as a function of the frequency shows a logarithmic linear decrease (Fig.
6a, PBS to Sensing) and shows capacitive behavior for the full frequency range (10 Hz
– 100 kHz) (Fig. 6b, PBS to Sensing).

Figure 6. Impedances and phase shift measured between the contact sensing electrode and
the reference electrode (Ref to Sensing) and PBS and the sensing electrode (PBS to Sensing)
of μSEA device C using setup 2.
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Overall, the electrical data obtained from setup 1 might indicate non-optimal settings,
or that a more complex electrical circuit is at hand than was initially expected.
Nevertheless, the measured impedance values obtained from using setup 2 seem to
potentially allow for the measurement of single cell recordings, in agreement with the
impedance value of at most NVWDWHGLQOLWHUDWXUH46 To fully understand the nature
of the μSEA’s complex electrical circuit, more technical parameters have to be taken
into account, including the magnitude of the charge transfer, the double layer
capacitance and polarization of the sensing electrode. Thus further electrical analysis
is required to make conclusive decisions on the (in)correct electrical behavior for
neuronal recordings using the μSEA devices.
7.3.4 Positioning of μSEA transducer neurons
Initial experiments for positioning the transducer neurons on the 3D electrodes were
performed. For the seeding efficiency, of the 1000 cells used, successful positioning
was achieved of approximately 70% for cortical cells (n=3) and approximately 80% for
SH-SY5Y (n=3) at a flow rate of approximately 0.1 ml/min (Fig. 7a and b). The
established COMSOL model of a single pore showed a shear stress of 4.6 mPa at the
pore opening and 43.6 mPa at the aperture at a sieve flow rate of 0.1 ml/min (Fig. 7c),
in comparison with neuron membranes disruptions at 14 Pa for 30 s with a 0.50
strain. 56 Furthermore, the in-vivo interstitial fluid flow regenerates shear stresses in the
orders of 0.5 to 1.5 mPa 57, whereas in-vivo arterial vascular network shear stresses
between 1 and 7 mPa are found. 58

Figure 7. The positioning density of cortical neurons (a) and SH-SY5Y cells (b) was studied by
counting cells in the pores after fluorescence staining. Of 1000 cells used for the positioning,
approximately 70% of cortical cells (n=3) and approximately 80% of SH-SY5Y (n=3) were
successfully positioned in 30 s with a flow rate of 0.1 ml/min. The shear stress inside the pores
at 0.1 ml/min as modeled with COMSOL software (c).



Chapter 7

Clearly, the exact shear stress exposure depends on the residence time of each
individual cell at a certain location in the pore. To minimalize the shear stress exposure
time, the cells should be seeded simultaneously at the end point of the applied suction.
This is potentially achieved by loading the reservoir with culture medium before the
suction is applied. Hereby the cells are concentrated in a relatively small volume, to
prevent the cells from adhering to the sieving structure before any suction is applied.
Hence, to explore the influence of shear stress on cell viability, cortical neurons were
positioned at 0.1 ml/min and were stained for viability. Cortical cells were used, as
these cells are considered to be the more vulnerable to shear stress compared to the
SH-SY5Y. Counting of the stained cortical neurons shows a viability of 70%, which is
in agreement with general cell culture experiments on tissue culture plates. 59

60

This

result indicates that shear stress has no presumably direct influence on cell viability,
however, the effect on cell behavior has yet to be studied more thoroughly.
7.3.5 Culturing and analysis of μSEA transducer neurons
For the rat cortical neurons (14 DIV) and SH-SY5Y cells (7DIV), SEM images
confirmed neuron adhesion to the pore walls (Fig. 8a and b) and the cells exhibit a
round morphology, similar to cortical cells cultured in 3D environments. 61

Figure 8. Scanning Electron Microscopy images of cortical neurons (14DIV) (a and c) and SHSY5Y cells (7DIV) (b and d). Both cell types show a round morphology and are positioned and
adhered in the pore.
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Also, SEM observations displayed initial neuron processing, the formation of cell
protrusions which predicts cell viability and functioning of both cell types. The formation
of protrusions was found to be different for the cell types. Rat cortical cells showed a
minor formation of protrusions (Fig. 8c), while the SH-SY5Y cells already formed
connections between neurons (Fig. 8d). This difference can be explained by the origin
of both cell types and their rate of metabolism, as the rat cortical cells are primary cells
and the SH-SY5Y cells are a cloned cell model derived from a cancerous cell line. It is
important to mention that both cell types behave as intended, including minimal or no
reciprocal network formation between the pores, as their function is to form the
neuroelectronic interface for the 3D culture atop.
In line with this observation of minimal network formation, due to the low cell densities
used in the cortical and SH-SY5Y cell studies, rat hippocampal cells were plated (i.e.
without suction) at a higher density compared to the rat cortical and SH-SY5Y cells.
This experiment allows to study of a development and network on the μSEA surface.
Microscope observations show hippocampal cells that were positioned in the pores
and on the planar surface in between the pores of the μSEA. Within 3 DIV the cells
were adhered onto the planar surface and network formation is initiated. At 7 DIV to
21 DIV the network was further densified and reorganization is observed.
The development of the cells positioned in the pores is not visible by the use of a light
microscope with relative low magnification. Nevertheless, it is assumed that pores
occupied with cells block the passing light, resulting in the observation of dark pores
(Fig. 9).

Figure 9. Hippocampal cells (60000 cells) were positioned in the pores (dark squares) and
onto the planar surface in between the pores to study cell development and network formation
for 3 DIV (a), 7 DIV (b) and 21 DIV (c). Image courtesy of D. Ito and M. Chiappalone of the
Istituto Italiano di Tecnologia.
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Observations show that these cells reside in the pores and maintain their position
during the 21 days of culturing. This observation also indicates that cell migration from
the pores to the planar surface is not encouraged, assuming that the cells in the pores
are still viable during the culturing. Although, extended long-term cultures and
reproducibility of positioning efficiency related to shear stress and viability have to be
studied further, the initial results provide sufficient evidence to support the use of the
μSEA for future neuroelectrophysiological applications.

7.4 Conclusions
The use of ALD titanium nitride (TiN) as the electrode material for the μSEA has been
explored. Results indicate that ALD TiN does not have sufficient compatibility with the
with the LPCVD processes used in the μSEA fabrication. The compatible μSEA TiSi2boron-doped-poly-Si sensing electrodes have been characterized in terms of size and
shape. Furthermore initial electrical behavior, cell positioning and culturing have been
performed using the μSEA. The fabrication process allows for the tuning of the
electrode position and shape on the pore walls and the sensing electrode surface area
by varying the etching times. The baseline noise has been measured and is sufficiently
low to allow for single unit recordings and is in the range which allows for future
electrophysiological measurements. The obtained electrophysiological data is still
inconclusive and further analysis is demanded. The positioning of transducer neurons
(cortical and SH-SY5Y cells) by cross flow in the microsieve has been proven
successful in terms of efficiency and viability. Transducer neurons, from cortical rat
neurons and SH-SY5Y that have been successfully positioned into the pores of the
μSEA demonstrate initial neuronal processes. Furthermore, a theoretical model
indicates a relative low shear stress at the pore walls, which supports the observed
survival of cells after positioning. Hippocampal cells plated and cultured on the μSEA
surface are developing neurites and form neuronal networks.
In conclusion, the results show that the μSEA includes a bio-friendly environment,
which allows for the positioning of different transducer different neuron types and
supports the culturing of these cells.
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8
Future applications of Brain-on-Chip technology
In this chapter, potential applications of the microsieve electrode array (μSEA) device are
discussed. Various mode of operation can be designed with the μSEA, whereby the neurons
captured in the 3D pores of the sieving structure form a novel neuroelectronic interface for invitro electrophysiological research. In other words: can the μSEA device be implemented in
readily performed and current neurological research.
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8.1 Introduction
Regardless of all the advances in microfluidic technology in recent years, so far, brainon-chip has very limited impact on the decision making process in the clinic. Capturing
the complexity of the brain’s functions in a simplified artificial system, merely by the
approach of miniaturization and standardized cell culture may be mitigated when we
learn how to synthesize essential regulatory biological features in conjunction with the
design of an electrophysiologically active network of neurons. Since any organ on its
whole is more than just the sum of its parts, most of them but the brain can be defined
and reduced by a specific physiological key function, which makes by means of
example a lung-on-chip, a heart-on-chip or kidney-on-chip so much easier to achieve
than the brain. Nevertheless, much experimental progress has been made in getting a
hand on live electrophysiological processes by re-growing neuronal networks from
dissociated cells in a dish. 1 The latter allows us to assess the 3D capability of our
microsieve electrode array (μSEA) in perspective of such electrophysiological
experiments, which were previously solely applied by extra-cellular in-vitro recording
on planar MEA systems.
Reflecting on the specifications in developing the μSEA device, we obtained enhanced
control of neuron to electrode coupling. Additionally, we can trace the signal response
back to an individual neuron being physiologically active within the network. This
information becomes available by design, knowing precisely the position of a neuron
that acts as a transducer to the signal processing amplifier, considered as a
neuroelectronic interface (Fig. 1).

Figure 1. The μSEA concept allowing for positioning of transducer cells in 3D electrodes to
establish a neuroelectronic interface for in-vitro electrophysiology. The μSEA can be provided
with a PDMS construct or the developed bioreactor for specific applications.
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Based on the results described in the aforementioned chapters a set of hypotheses
can be formulated, which translate to future applications of the μSEA as a novel
platform technology in the neurosciences with a potential clinical relevance. Compared
to planar MEAs, a μSEA provides a step forward to in vitro models for brain diseases
and a better understanding of the molecular and cellular interplay of brain functions in
general because predictive engineering methodology of local stimulation and recording
is a rationale in the design of such novel recording experiments.

8.2 Impact of Brain on Chip technology
8.2.1 The neuro(electro)physiology in 3D cultured neuronal networks is different
Several publications already described the distinct importance of 3D neuronal cultures
for network formation and cell morphology towards more physiologically relevant
studies. 2

3 4 5

Yet studies combining these 3D neuronal cultures with multisite electrophysiological
recording are limited. Frega et al, performed 3D neuronal cultures on conventional
planar MEA, and demonstrated that electrophysiological data from 2D and 3D neuronal
cultures

are

completely

different. 6

Evenly

important

is

the

variance

in

electrophysiological data in the 3D neuronal culture itself, neurons resident on the MEA
surface give a 2D output in contrary to the interconnected heterogeneously functioning
neurons in the 3D cultured network. These data illustrated the drawback of a
conventional MEA in relation to 3D neuronal cultures. Due to the fact that neuronelectrode coupling was optimized for receiving a signal in the first place rather than
questioning the shape of the individual cell in the neuroelectronics interface the
intimate contact between cell membrane and electrode was considered the main
design criterion. It has been for the first time demonstrated in this work that MEA
technology can also be optimized for 3D cell morphology. The μSEA provides a 3D
microenvironment in the form of an array of 3D pores etched in silicon. Single neurons
are first captured in the pore and subsequently adhere and maintain their in-vivo cell
morphology. To assure that each cell maintains its in-vivo like morphology multiple
adhesion points are needed in the 3D environment. 7 Therefore, the pyramidal pore
resulting from the crystal structure of silicon during anisotropic etching (Chapter 5) offer
a 3D microenvironment in which cells are positioned according to their size and thus
in theory always provide these multiple adhesion planes (pore walls). This has been
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proven by SEM observations of neurons seeded into the 3D pores of the μSEA, which
showed that nearly all neurons are positioned in the lower part of each pore according
to their size and maintained their round morphology due to multiple adhesion points. 8
The cell morphology alone, however, does not give insight into any part of the neuron
electrical or metabolic behavior, yet it is the first step towards a potential more in-vivo
like behavior of any cell type.
8.2.2 Organ-on-chips as clinical human models of the future
Currently many researchers are exploring the concept of organ-on-chips as a platform
for human organ and disease models as an alternative to animal studies. 9 This rapidly
developing field of microfluidic devices is commonly based on continuous perfused
chambers inhabited by living cells to replicate the physiology of human tissue and
organs. These organ on chip devices need to be designed as such that they allow for
real-time imaging as well as, biochemical, genetic and metabolic analysis in
dependence of the dynamic processes occurring in the tissue at the cellular and
molecular level. To replicate the functioning of an organ in such models, conventional
2D and even 3D cell cultures, so far, lack the multicellular architecture, i.e. the
combination and orientation of different cell types in connective tissue. Additionally,
mechanical compression and shear stress have to be introduced to mimic the in-vivo
situation for establishing a relevant readout. The challenges in designing such organon-chips are therefore a multidisciplinary problem converging microfluidics and tissue
engineering approaches. Organ on chip developments have already led to the
translation of several human organs, including the liver 10, kidney 11, heart 12, lung 13,
blood vessels14 and nerves 15. These novel experimental models and studies show
promising results in similarities in function compared to the in-vivo situation specifically
in relation to tissue response to therapeutics and toxins.
8.2.3 Brain-on-chip
The complexity of the human brain delayed the successful development of any
clinically relevant model of the brain model. Although a recent brain-on-chip model for
Alzheimer’s disease is published. 16 In this study, a design is presented that is based
on the positioning of single neurospheroids in a microarray, however it does not include
an integrated readout for on-line cellular measurements. Somewhat more literature is
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available on the necessary fluidic models towards a brain-on-chip. 17

18 19

Introducing

such a fluidic model to the μSEA format would enable electrophysiological recordings
for research on diseases related to dysfunction of ion channels, affected regulatory
pathways or abnormal nerve cell activity, such as epilepsy. Although the multicellular
architecture has not been developed yet in the work of this thesis, the μSEA has a
great potential to be integrated with an experimental design for brain research on chip.
Like in organ on chip, also for brain-on-chip designs, polydimethylsiloxane (PDMS)
casting for the microfluidic structures is explored. The latter is normally closed by a
glass plate. The glass plate can be easily replaced by the μSEA. This principle has
already been shown by the hybrid PDMS bioreactor add-on described in detail in
Chapters 3 and 4. Another feature of the μSEA compared to the standard for
microfluidic compartmentalization by means of PDMS add-ons is that single neurons
can be positioned in the nano-wells (wells with nanoliter-sized volumes) of the μSEA
to establish a diffusion controlled neuroelectronic interface as the pores can function
as a highly defined cell culture niche. This will retain a unique microenvironment,
preventing firstly the cell from drying and subsequently allow us to study the transport
phenomena at the level of a single cell dependent on the network formation process
and the plasticity in the network once it is established amongst the predefined number
of cells on the μSEA. In relation, the distribution of the pores, for positioning of the cells
in the μSEA, can be changed by simply changing the mask layout in the lithographic
fabrication process of the chip.
8.2.4 Blood-Brain-Barrier models (BBB)
The blood-brain barrier (BBB) is an extensively studied organ-on-chip model and
numerous attempts have been made to replicate its barrier function in an in-vitro
experiment. 20

21 22

This unique barrier separates the blood circulation from the central

nervous system, which enables selective transport through the BBB, by tight junctions
in a layer of endothelial cells that are supported by astrocytes. This selective control of
transport to the brain prevents potential neurotoxins from entering the brain,
consequently the majority of current drugs fail to cross the BBB. The most common
BBB model is based on a multi-cell culture in a so called Transwell® (Corning®), which
allows for cell adhesion on both sides of a porous polymeric membrane. A rather new
approach to resemble a BBB was published by Griep et al.20 and evolves around the
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organ-on-chip principles, i.e. supporting dynamic flow conditions over a polycarbonate
membrane, which separates two channels in PDMS. Within this model, the BBB quality
was studied by the transendothelial electrical resistance (TEER). The TEER was
precisely measured by integrated electrodes in the chip following the cellular growth
process. Promising results were obtained in comparison to the static Transwell®
system. Hence, this concept has the potential also to be integrated with a brain-onchip model. Hereby allocating the BBB model to a viable 3D brain culture supported
by an electrophysiological readout from the μSEA more realistic data on toxicology and
pharmaceutical effect can be collected linking the BBB to a specific neurodegenerative
diseases model in 3D. To realize such a BBB model (Fig. 2), the endothelial cells and
astrocytes can be adhered on either side of the PES barrier in the hybrid
microbioreactor (detail on the bioreactor are described in chapter 4).

Figure 2. Illustration of BBB incorporated into the PES/PDMS hybrid bioreactor combined with
the μSEA device. The endothelial cells and astrocytes are adhered to the PES barrier (P)
material inside the bioreactor. Next, the bioreactor is then adhered to the μSEA surface and
transducer cells (T) are positioned. Subsequently, a 3D neuronal culture (3D) in a (hydrogel)
matrix is realized in the culture chamber of the bioreactor.

Afterwards, the bioreactor is adhered on top of the μSEA surface, which is seeded with
transducer cells and subsequently a 3D neuronal culture is realized in the culture
chamber of the bioreactor. The construct is cultured under continuous flow of culture
medium to support the development of the BBB and the 3D neuronal culture.
8.2.5 Acute tissue slices
Conceptually, the simplest approach for a brain-on-chip is by explanting an acute brain
slice 23, as the architecture (ECM) of the brain itself has not be replicated, which is the
main issue in the use of dissociated primary cell cultures. The challenge with these
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acute brain slices lays in providing the appropriate culture conditions, primarily the
supply of nutrients and oxygen. 24

25

This especially troublesome as the sense

electrodes at the bottom of the tissue restricts nutrient inflow. Resulting in inappropriate
cell functioning, that leads to inactive connections for the electrophysiological
recordings. A commercial solution for this limited supply is the use of perforated MEA
devices, which essentially is in-line with the μSEA concept but keep perforations and
electrodes as two parts in the system. 26 The apertures featured in the 3D pores of the
μSEA, allow for direct connection of the neurons to the back-side of the sieving
structure which allows for culturing of a supporting layer of cells and supply of nutrients
and oxygen through the pores. This feature of the μSEA potentially permits the use of
thin brain tissues for electrophysiological analysis with the device, which again can
form a unique neuroelectronic interface.
Another important aspect of brain slices is the connection of active neurons with the
electrodes of the array, which is troublesome in planar MEA’s. Hence, special MEA
devices have been developed featuring spiked electrodes to penetrate the superficial
layer of the tissue slice, containing primarily dead cells from tissue cutting, connecting
the cells deeper inside the tissue. 27 Similarly to the conventional 2D culturing of cells
on a planar MEA, the coupling of cell and electrode still relies on a random occurrence.
The neuroelectronic interface established in the μSEA, however, has the potential to
be used for realizing active connections with the out-growths of the brain slice. For
example, a small amount of cells derived from a single humane source can be isolated
and positioned in the pores of the μSEA, while the major amount of tissue is placed in
very close proximity on the μSEA surface. Literature supports this view of reconnecting
brain tissue, as new outgrowths of axons and dendrites from the tissue slices can be
realized. 28 When μSEA neuroelectronic interface is established by positioning of
transducer neurons (described in chapter 7), the brain slice can be introduced into the
microbioreactor (Fig. 3). The surrounding empty space can be filled with neuronal cells
in matrix to stabilize the slice. After a connection between the slice and the
neuroelectronic interface is established, reproducible electrophysiological data can be
generated.
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Figure 3. Illustration of acute tissue slice incorporated into the PES/PDMS hybrid bioreactor
combined with the μSEA device. The bioreactor, with PES barrier (P), is then adhered to the
μSEA surface and transducer cells (T) are positioned. Subsequently, the tissue slice (S) is
positioned in the culture chamber of the bioreactor. A 3D neuronal culture (3D) in a (hydrogel)
matrix is used to fill the space between the slice and the PES barrier. After the slice is
reconnected to the neuroelectronic interface, electrophysiological recording can be performed.

8.3 μSEA applications and state of the art neuro-assays
8.3.1. Neurodynamics and models for axon injury and neurotoxicity
Previously performed neurological assays that featured conventional MEAs can also
benefit from the application of μSEAs. These studies include neurodynamics and
network connectivity, axonal (injury) models and evaluation of neurotoxicity and drug
screening. Like aforementioned the introduction of the μSEA in these studies allows
for localized capturing of single neurons in a highly parallel fashion first prior of
generating a network. A variety of options are given by this approach, hence the
neurons can be also manipulated on the single cell level as their position is locked onto
a grid. Only selected cells could then be, for example, transfected or cells from a
different species could be applied to perform parallel screenings on a single device.
An overview of these applications for the μSEA are described in the following
paragraphs in more detail and depicted in figure 4.
Neurodynamics and network connectivity
Various studies have been presented in literature to study the hypothesis that brain
function consists of an interplay of a well-concerted ensemble of neuronal
subpopulations. 29 To establish a model for this type of study mapping spatio-temporal
dynamics of a neuronal network, the in-vitro neuronal network formation must be predefined and the activity in the network has to be recorded over long periods of time.
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Figure 4. Illustration of the μSEA combined with a PDMS construct for neurodynamics and
models for axon injury and neurotoxicity. The height and width of the channel (C) in the PDMS
construct, can be altered to either prevent or allow growth of cells in a 3D matrix (3D) within
the channel. Also, the pore mutual distance in the μSEA can be changed upon the type of
application, including the incorporation of planar electrodes (E) for recording of axons.
Furthermore, the surface μSEA can be functionalized by nano-grooves to control the direction
of axon and neurite outgrowth.

Such a model was realized by M. Bisio et al. using a patterned PDMS structure atop
of a conventional MEA. 30 Hippocampal neurons were grown in two compartments,
interconnected by a rectangular channel (50x100 μm) for up to 60 days to form a
modular culture. It was shown that in this modular culture, fire rates, bursting statistics
and correlations changed at the later stages of development compared to the early
stage. In a comparison with uniform cultures (a MEA without the PDMS add-on), the
modular culture exhibited the asymmetry in the generation and propagation of activity
between the subpopulations, indicating the presence of hierarchy. When coupling such
a PDMS structure to the μSEA and using the same approach as in the MEA study, the
positioning of the transducer neurons can be performed as described in Chapter 7,
whereby the simple PDMS reservoir is replaced by PDMS construct of Bisio et al. Once
the transducer neurons have been positioned and adhered, 3D hydrogel based
cultures containing both neurons and glial cells, can be added on top, hereby also
filling the channel connecting the two compartments. From this described study,
utilizing the μSEA combined with the PDMS structure, results can be obtained in
addition to the findings presented by M. Bisio et al. Expected is that both the cells in
the 3D pores (adhered to the μSEA electrodes) and the cells in the 3D hydrogel culture
will grow protrusions (axons or dendrites) into the rectangular channel and hereby
connect the two compartments. The hypothesis is that once the two compartments are
connected, different recordings are obtained compared to the use of the planar MEA.
Mainly expected are a more complex network with enhanced dendritic development
and, more important for this study, the asynchronous activity patterns between the
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compartments, leading to a heterogeneous network functioning which suggests
collaboration of assembled subpopulations of cells.
Axon (injury) models
Another type of PDMS add-on containing microtunnels can be designed, which
restricts the presence of cells and only permit axon outgrowth between subpopulations.
Pan et al. established such a system by developing a planar MEA to potentially control
axon positioning and recording their signals along the direction of the PDMS
channels. 31 The channel length of hundreds of micrometers allows for studies of
network formation which mimics the connection of the hemispheres in the brain.
Multiple electrodes along this pathways would allow full recording of the transmitted
activity, as presented by Bakkum et al.32 In relation to this study, planar electrodes on
the sieving structure surface can be (in between the electrodes in the pores) realized.
Hereby the positioning of the cell somas giving rise to the axons can be controlled.
Alternative to the PDMS structure for axon guidance, the formation of nano-grooves
(chapter 2) on the sieving structure surface could allow for a less constrained control
of the axons growth to form connections.
Neurotoxicity model
A MEA can be deployed relatively simple in providing a functional endpoint to assess
neurotoxicity of chemicals. Hereby, in addition to biochemical or morphological
readouts from conventional cell cultures, the information of the function of neuronal
networks can be studied over long time periods. Neurons grown on conventional MEAs
electrically resemble a functional neuronal network in vivo, including plasticity,
spontaneous activity and responsiveness to pharmacological compounds. For highthroughput assays dedicated clusters can be formed by surface modification. For
example, within the MESOTAS project and mentioned previously, nano-topography
has been realized by imprint lithography and utilized as an effective method to control
the attachment and direction of neurite outgrowth. Other surface modification
techniques have been presented by Sorkin et al. who pre-designed cell cluster
formation by stamping either poly-D-lysine or carbon nano tubes onto a glass
surface. 33 By realizing this type of surface modification to a MEA, a well-controlled
electrophysiological assay can be built to evaluate or screen compounds in a spatially
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interconnected array of clusters. Frimat et al. presented such a model for neurotoxicity
screening by spatially standardized neurite outgrowth. 34 Neuronal cells were patterned
in a hexagonal array for a streamlined display supporting rapid and sensitive analysis
by means of PDMS contact printing. This type of network formation assay, based on
the limited adhesion of neuronal cells on PDMS while at the same time permitting
directionally defined neurite outgrowth between the clusters, shows the connectivity
and plasticity in network formation and allows for neurotoxicity testing on these
networks. All these suggested surface modifications by stamping or PDMS
modification of a MEA surface can be also applied onto the surface of the μSEA,
hereby pre-designed contacts between single cells in the 3D pores can be realized.
8.3.2 Stacking MEAs
An interesting approach to enable electrophysiology on different levels in a 3D culture
is by stacking multiple MEA’s. In between each MEA a 3D culture or organ-on-chip can
be established. This principle has been shown by Musick et al. 35 Here, two custom
planar MEAs were designed featuring electrodes on silicon substrates with alternating
openings. A culture chamber was realized by sandwiching and bonding of the two
MEA’s in between PDMS structures. The silicon substrate openings allowed for
connectivity between the two MEA’s and the PMDS integrated fluidic channels ensured
continues inflow of culture medium. Results showed neural activity (action potentials)
and response to a neurotoxin was recorded. Although no comparisons were made to
a single planar electrode, the stacking design would be an ideal application for the
μSEA. The sieving structure already allows for connection of the front to the back side
of the device, utilizing the pore apertures. A possible design would include stacking
two opposed μSEAs with the use of a PDMS structure with integrated PES barrier or
fluidic channels (Fig. 5). Transducer neurons can be positioned in the pores and a
matrix supporting 3D culturing, either with or without neuronal cells can be added in
between. This setup would allow the formation of a full 3D network with a potential
realization

towards

interconnecting

subpopulations

representing

the

brain

hemispheres or the cerebellum and cerebrum.
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Figure 5. Schematic illustration of a possible design to realize the stacking of two μSEAs to
simulate the interconnection of subpopulations or parts of the brain. First transducer neurons
are positioned in the pores of the μSEA devices. Then they are adhered to a PDMS construct
with an integrated PES barrier (P), allowing for culturing a 3D neuronal culture (3D) under
continuous inflow of culture medium. The apertures of the μSEAs enable growth of protrusions
into the 3D culture, thus forming a neuronal network.

8.4 Conclusions
The μSEA has the potential to be deployed as electrophysiological readout by utilizing
the neuroelectronic interface as a connection to the complex multi-cellular construct in
a brain-on-chip model. Additionally the use of (partial) organs or tissue slices might
profit from the geometry of the pores, allowing the inflow of nutrients and oxygen to the
cells resident in the pores and the bottom layer of the connected tissue to prevent cell
starvation.
Several studies in literature applying add-on PDMS structures to conventional planar
MEA’s, can be translated to an application for the μSEA. Hereby the advantage over
conventional MEA’s consists of 3D pores containing the electrodes, which ensure a
more in-vivo like cell morphology enabling more physiologically relevant research of
the positioned cells. Also, controlling the positioning of single cells allows for studies
on spatial dynamics in cultured networks. The μSEA offers many potential possibilities
to enhance readily performed electrophysiological research related to the conventional
MEA, it also allows for new research questions.
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Conclusions and Outlook
In this chapter, the conclusions of this thesis are summarized and put in perspective of highly
experimental but emerging technologies utilized in the field of neuroscience research in an
outlook. We document on these developments in reflection of the state of the art in the year
2012, when the research of this thesis project started. In the outlook new trends and directions
with respect to current and future research in neurology and neurophysiology are evaluated to
provide the reader an up to date context of this field of work in general terms.
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9.1 Conclusions
The importance of a suitable 3D environment for the culturing of neuronal cells for an
increased physiological relevance has been consolidated by our own research and it
has been confirmed by multiple studies described in the literature during this PhD
project. We investigated novel micro- and nanofabrication technology, which led to the
design and fabrication of a silicon based sieving structure and novel nanogrooved
enriched culture plate surfaces allowing for the positioning of single cells and control
of their neuronal processes, i.e. their outgrowth direction. Our cell culturing results
demonstrated that by means of artificial matrices consisting of hydrogels, a 3D
neuronal culture from primary as well as cell-line defined dissociated cells can be
maintained in a microbioreactor, which is designed as cylinder with an inner diameter
of 3 mm and a total culture volume of 15 μl. The cylinder wall is a porous membrane
that allows for microfluidic-assisted exchange of nutrients and metabolites. The
bottom-open design of the microbioreactor supports an add-on principle for the
introduction of biosensors for a biochemical or electrophysiological readout of the
culture. Additionally, we investigate the design and functional constraints of utilizing a
capillary electrophoresis on-chip system in conjunction with the microbioreactor for the
detection of culture metabolites or a microelectrode array for electrophysiology of 3D
hydrogel neuronal cell cultures. Both these approaches have been successfully
realized by example, however, the main focus of this thesis was given to the design
and fabrication of a novel MEA concept, the so-called microsieve electrode array
(μSEA). This concept enables that the cells adhered to the electrodes can be kept in
a 3D environment that facilitates a 3D morphology of the cells similar to the morphology
found in natural brain tissues. This μSEA device is realized by the integration of
electrodes on pyramidal pores of a silicon sieving structure, which allows for the
positioning of one individual cell per electrode. The latter facilitates reproducible
extracellular recordings at the cell capture site at the level of a single cell that is
embedded in the larger network structure of the culture. Complementing a μSEA with
a micro bioreactor provides the requirements to realize advanced 3D brain on chip
instrumentation.
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9.2 Outlook
Throughout this research project, designing and developing a novel 3D brain on chip
platform, other studies have emerged concerning the particular subject of a brain on
chip, including the realization of new tools for neurophysiology and advances in 3D cell
culture. Since these developments proceeded in parallel of our own, we will here only
compare our own approaches with these other approaches in very general terms.
For example, in relation to the microbioreactor for 3D hydrogel based cell culturing,
recent research shows a clear trend in the use of cell-spheroids as an alternative
approach for 2D cell culturing in a dish for toxicology and drug screening. 1

2 3 4

Cell-

spheroids, often also called organoids, are a strong competitor for culturing cells in
artificial matrix, such as hydrogels, for tissue regeneration and organ-on-chip models.
The basic principle of growing spheroids is the realization of multicellular aggregates
that replicate natural cellular niches, which are also present in-vivo. The advantage of
these spheroid vesicles, compared to most 3D matrix cultures, is their size and
therefore the ability to manipulate their position in microfluidic devices without the loss
of the microenvironment. Also, because of their limited size, nutrient and oxygen
supplementation is less restricted compared to larger matrix-based 3D cultures. Yet,
as a physiological relevant (organ-on-chip) model, these small spheroids do not
represent the complex multicellular organization of mammalian tissue. Alternatively,
the use of larger spheroids restrict nutrient and oxygen diffusion to the spheroids core,
which essentially eliminates the advantage of the use of spheroids in relation over
conventional 3D (hydrogel) cultures. Mainly because the cells in the spheroid are
adhered to each other and not to a scaffold in (hydrogel) 3D culturing. This aspects
can prevent the introduction of a uniform mechanical stress to all cells in the spheroid
and prevent the introduction or retrieval of cell staining chemicals or even drugs to the
core of the spheroid.
However, one could think of the organizing multiple spheroids containing different cell
types and hereby realizing a larger organ-like construct. Although large multicellular
organized spheroid cultures have not yet been documented in literature, this
organization of spheroids in microfluidic devices has been demonstrated. 5

6 7

The spheroids have a clear advantage over 2D culturing for toxicology and drug
screenings, their use for tissue culturing remains a problem. Also, in the case of in
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vitro neurology, expected is that these spheroids are not ideal for single cell recordings,
because of the close presence of neighboring cells.
The μSEA enables the culturing of single cells in 3D environments on microelectrodes,
with the goal to enable single cell recordings. Literature shows different approaches to
this achieve this goal of single cell recordings. One of these new approaches has been
introduced for intracellular recordings both in-vitro and in-vivo based on the principle
of patch-clamping, using a nanowire which is configured as the active channel of a
field-effect transistor (FETs), hereby reducing the risk of membrane disruption and
tissue damage due to the very small size of the nanowire. 8 9 This configuration has the
potential to allow for better signal recording and stimulation compared to the solid
pipette-based patch-clamp technique. However, this type of nanowire is not readily
incorporated into a system for automatic cell positioning and the nanowire still has to
be inserted into cells manually.
A more high-throughput approach for single cell extracellular recordings is achieved
by the integration of nanoprobes in a nanoporous flexible polymer mesh. 10 This mesh
structure can be inserted into hydrogel 3D cultures or the mesh itself can be used to
function as a supporting scaffold. It is expected that these meshes will also be applied
for in-vivo studies to investigate the adapting and reorganization of the brain, i.e. brain
plasticity. However, the mesh-type design does not allow for the positioning of cells
onto the nanoprobes. Hereby, the retrieval of signals will depend on the random
interaction with electrogenic cells, which is the major drawback of the commercial 2D
MEAs. It is also a question whether or not these mesh materials induce scar formation
and hence electrodes embedded in the mesh may become encapsulated over time.
To prevent complexity of microelectrodes and nanoprobes for single cell electrical
recordings and stimulation, researchers also developed optogenetic techniques. This
non-invasive principle is based on photo-exposure of genetically modified cells by a
light pulse with a spot size of a few microns. By implementing light-emitting diodes into
an array, 11 depolarization of single cells can be obtained, of which such locally
triggered action potentials can be recorded by calcium imaging. Optogenetic
techniques for neurology are still limited by low spatial resolution, the short penetration
depth and the need for selective modulation of light-sensitive proteins for indirect
recording of electric activity.
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Appendix: Process flow
The process flow for the fabrication of the μSEA device is based on the Supporting
information section of chapter 5 and the material and methods section of chapter 6.
Step

Process

1.

Measurement of wafer
thickness
(#metro112)

NL-CLR- HeidenHahn

Comment

2.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.

Measure center thickness of
each wafer, which will be
used to calculate the etch
depth during the backetch
step.

%HDNHU+12
7LPH= 5 min
3.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

4.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

5.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

6.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

7.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).



8.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

9.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

10.

Dry Oxidation of Silicon at
1100°C
(#film167)

NL-CLR-Furnace B3
6WDQGE\WHPSHUDWXUH&
3URJUDP2[&
7HPS&
*DV2
)ORZOPLQ
5DPS&PLQ
&RROGRZQ&PLQ

11.

Dehydration bake
(#litho001)

NL-CLR-:%
dehydration bake at hotplate
WHPS&
WLPHPLQ

12.

Priming HMDS (liquid)
(#litho600)

NL-CLR-:%
Primer: HexaMethylDiSilazane (HMDS)
use spincoater:
 program: 4000 (4000rpm, 30sec)

13.

Coating of Olin OiR 906-12 NL-CLR-WB21
(#litho100)
Coating: Primus Spinner
ROLQ2,5-12
VSLQ3URJUDP USPVHF
Prebake: hotplate
WLPHV
 temp 95°C

14.

Alignment & exposure of
Olin OiR 906-12
(#litho300)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVNAligner
+J-ODPSP:FP2
([SRVXUH7LPHVHF

15.

Development of Olin OiR
resists
(#litho200)

NL-CLR-WB21
After exposure Bake : hotplate
WLPH60sec
 temp 120°C
development: developer: OPD4262
WLPHVHFLQEHDNHU
WLPH-30sec in beaker 2

16.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



~110 nm thick SiO2, 50 min.

MEA120 KOH (MASK1),
align on wafer flat.
Man. Topside, constant time
3s.-> align on flat -> dev. 3
sec.

17.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

18.

Postbake of Olin OiR
resists
(#litho006)

NL-CLR-WB21
postbake: Hotplate
WHPS&
WLPHPLQ

19.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
GHGLFDWHGPLFURVFRSHIRUOLWKRJUDSK\
inspection

20.

Dicing foil Nitto SWT 10
(#back103)

NL-CLR dicingroom
Nitto SWT 10 dicing foil

Add dicing foil to the
backside of the wafer to
protect oxide on the back
side during next BHF etch.
Use the laminating tool.
Place the sample on top of
the ring to prevent surface
scratching. Leave the stage
up and pull the foil over and
down onto the sample. Cut
the foil identically to the
contour of the wafer to
prevent BHF inflow.

21.

&OHDQLQJE\892]RQH
(#surf100)

NL-CLR-UV PRS 100 reactor
Surface modification in order to improve the
wetting of resist patterns for wet-chemical
etching.
7LPH V

5 min. Make the resist
hydrophilic for BHF etch.

22.

Etching in BHF
(#etch117)

NL-CLR-WB06
Use dedicated beaker BHF (1:7)
Temp.: Room temperature

2 min.

Etch rates:
Thermal SiO2:60-QPPLQ
3(&9'6L2QPPLQ
23.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

24.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

25.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
GHGLFDWHGPLFURVFRSHIRUOLWKRJUDSK\
inspection



26.

Remove Nitto foil

Rinse with acetone, remove foil. Rinse with
,3$

27.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

28.

Clean HNO3 1&2
(#clean105)

NL-CLR-WB16
%HDNHU+123 (99%) 5min
%HDNHU+123 (99%) 5min

29.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

Make sure all adhesive is
removed, as pre-furnace
cleaning will not remove it.

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
30.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

31.

Etching in 1% HF
(#etch192)

NL-CLR-WB16
use dedicated beaker HF 1%
WHPS&
WLPHGHSHQGVRQDSSOLFDWLRQ

32.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

2 min.

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
33.

Etching in KOH standard
(#etch138)

NL-CLR-WB17
use dedicated beaker 1 or 2
ZW.2+ VWDQGDUGUHFLSH
WHPS&
XVHVWLUUHU
Etchrates:
6L! PPLQ
6L! QPPLQ
6L2 WKHUPDO  QPKU
SiRN < QPKU /3&9'""

34.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



Circles resulting from mask
are 20 mu in diameter.
Depth becomes 14.1 um.
>17 min KOH etch.

35.

Substrate transport in
demi-water
(#trans151)

NL-CLR-WB17®WB09
Purpose: transport of wafers for cleaning in
RCA-2 after etching in KOH (WB17).
Wet transport of substrates in a beaker with
demi-water. After transport, return the quartz
wafer carrier back to WB17.

36.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
dedicated microscope for lithography
inspection

Spin dry samples for KOH
etch check, make sure that
the tips of the pyramids are
formed.

37.

Removal of residues after
wet-chemical etching
(#residue501)

NL-CLR-WB09
Purpose: removal of residues after wetchemical etching in private use RCA-2.
Chemicals: HCl:H2O2:H2O (1:1:5 vol%)

Remove KOH particles, 15
min.

Procedure:
3XWPO',ZDWHULQWKHEHDNHU
7XUQRQWKHVWLUUHU
$GGPORI+\GURJHQFKORULGH +&O
+HDWXSWKHVROXWLRQWR& VHWSRLQW
heater = 80 °C)
Slowly add 300 ml of Hydrogen peroxide
(H2O2)
6XEPHUJH\RXUVDPSOHVDVVRRQDVWKH
temperature is above 70 °C
7LPH PLQ
RCA-,6)2521(-7,0(86($/:$<6
35(3$5($)5(6+62/87,21
%()25(&/($1,1*<28568%675$7(6
38.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

39.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

40.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

41.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ



42.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

43.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

44.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

45.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

46.

Etching in 50% HF
(#etch129)

NL-CLR-WB15
Use dedicated beaker
HF 50%
Temp.: room temperature

Remove oxide masking layer

6L51-* QDQRODE  - QPPLQ
6L2 ȝPPLQ
 Si3N4-+ QPPLQ
47.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

48.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

49.

Dry Oxidation of Silicon at
1100°C
(#film167)

NL-CLR-Furnace B3
6WDQGE\WHPSHUDWXUH&
3URJUDP2[&
7HPS&
*DV2
)ORZOPLQ
5DPS&PLQ
&RROGRZQ&PLQ



~162 nm thick oxide, 129
min.

50.

Etching 1% HF
(#etch210)

NL-CLR-WB06
Strip native SiO2 in 1% HF.
Beaker: 1% HF
7LPH 1 min
Strip until hydrofobic surface.

51.

Quick Dump Rinse (QDR)
(#rinse119)

Corner lithography using
oxide. The oxide thickness in
the concave corners (tip and
ribs) is less compared to the
(100) and (111)-Si planes.
For 129 min B3 oxide, etch
21 min 1% HF to only
remove oxide from the tips.

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

52.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

53.

Etching in TMAH (25 wt%)
(#etch150)

NL-CLR-:%
Use beaker with TMAH (25%) standard
WHPS&
XVHVWLUUHU
Etchrate poly-VLQPPLQ

54.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

Private use TMAH. Fractal
etching from pyramid tip.
120 min for ~2 μm aperture.
(WFKUDWH!aQPPLQ
,QLWLDODSHUWXUHLQFUHDVHVDW
[QPPLQ
(WFKUDWH6L2aQPPLQ
Calculate height of the
pyramid + fractal for backetch time stop.

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
55.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

56.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

57.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ



58.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

59.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

60.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

61.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

62.

Etching in 50% HF
(#etch129)

NL-CLR-WB15
Use dedicated beaker
HF 50%
Temp.: room temperature

Remove oxide layer for
corner lithography.

6L51-* QDQRODE  - QPPLQ
6L2 ȝPPLQ
6L1-+ QPPLQ
63.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

64.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

65.

LPCVD of SiRN (50-100
Mpa)
(#film102)

NL-CLR-/3&9'*
Program: N2 SiRN04

Backside etch masking
layer, ~100nm

Settings:
6L+&OIORZVFFP
1+IORZVFFP
1ORZVFFP
7HPSHUDWXUH&
3UHVVXUHP7RUU

*PLQ
*PLQ

Load your wafers within 4 hours after
FOHDQLQJ



Backside processing
66.

Dehydration bake
(#litho001)

NL-CLR-:%
dehydration bake at hotplate
WHPS&
WLPHPLQ

67.

Priming HMDS (liquid)
(#litho600)

NL-CLR-:%
Primer: HexaMethylDiSilazane (HMDS)
use spincoater:
 program: 4000 (4000rpm, 30sec)

68.

Coating of Olin OiR 906-12 NL-CLR-WB21
(#litho100)
Coating: Primus Spinner
ROLQ2,5-12
VSLQ3URJUDP USPVHF
Prebake: hotplate
WLPHV
 temp 95°C

69.

Alignment & exposure of
Olin OiR 906-12
(#litho300)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVN$OLJQHU
+J-ODPSP:FP2
([SRVXUH7LPHVHF

70.

Development of Olin OiR
resists
(#litho200)

NL-CLR-WB21
After exposure Bake : hotplate
WLPHVHF
 temp 120°C
development: developer: OPD4262
WLPHVHFLQEHDNHU
WLPH-30sec in beaker 2

71.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

MEA120 backetch (MASK2).
Man. bottom
Crosshair
3 sec exp.
(first x,y Æ z Æ crosshairs).

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
72.

Substrate drying
(#dry120)

NL-CLR-WB
Single wafer dryer
VSHHGUSPVHFZLWKVHF12 flow

73.

Postbake of Olin OiR
resists
(#litho006)

NL-CLR-WB21
postbake: Hotplate
WHPS&
WLPHPLQ

74.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
GHGLFDWHGPLFURVFRSHIRUOLWKRJUDSK\
inspection



75.

Plasma etching of SiN
(#etch185)

NL-CLR-PT790
Program: Etch

5HFLSH60$577,36L51
PLQ QPPLQ 

*UDSKLWHHOHFWURGH
&+)VFFP
VFFP
SUHVVXUHP7RUU
3RZHU:DWW
Mask Olin 907-QPPLQ
6LOLFRQQPPLQ
6L2QPPLQ
6L16L51QPPLQ GHSRVLWHGE\)*
H2)
76.

Chamber clean in O2
plasma (PT790)
(#etch199)

NL-CLR-PT790
Always clean the chamber after etching.

Recipe: clean20

*UDSKLWHHOHFWURGH
2IORZVFFP
3UHVVXUHP7RUU
3RZHU:DWW
77.

Removal of fluorocarbon
and resist
(#residue103)

NL-CLR-Tepla-360
Recipe 35. Removal of resist
Purpose: remove fluorocarbon and resist after and Fluor carbon.
'5,(5,(LQ23ODVPD
Settings: recipe 035

78.

Deposition of Parylene-C
(#film180)

NL-CLR-Dicing room
Material: Parylene-C
SCS Labcoater PDS2010
IXUQDFHWHPS&
FKDPEHUJDXJH&
YDSRUL]HU&
YDFXXPP%DUU
'HSRVLWLRQUDWHXPKRXU
7KLFNQHVVJUDPXP
Do NOT forget to switch on cool-trap before
VWDUWLQJWKHFRDWLQJSURFHVV
After coating clean cool trap from parylene
residu with knive

3.2 grams of Parylene.
Adhere a piece dicing foil of
10x10 mm to cover the area
which has to be back
etched. Stick a piece of
silicon wafer to the Nitto foil
and place the sample on the
carrier of the coater. Hereby
Parylene will be deposited
on the entire sample except
the area which has to be
etched. After deposition,
immediately remove the foil
to prevent adhesive
problems.

79.

Etching in BHF
(#etch117)

NL-CLR-WB06
Use dedicated beaker BHF (1:7)
Temp.: Room temperature

Etch native oxide. Although
the Parylene deposition is
prevented, it tends the leave
a mono-layer on the silicon –
to be etched - surface.
Experiments have shown
that using BHF in this step
works better than etching
with 1%HF.

Etch rates:
Thermal SiO2:60-QPPLQ
3(&9'6L2QPPLQ

80.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



81.

Etching in TMAH
(25 wt%)
7ULWRQ YY

25% TMAH at 70°C etches
aXPPLQ0HDVXUHHWFK
rate after ~8 hours on Bruker
:/,&RQWRXU*7-,
Etch up to height of pyramid
(14.1 um) + ¼ height of
User notes:
sacrificial structure + 10 um.
*HQHUDOO\aXPGHHS
x
Use dedicate wafer holder to place the
etch.
samples is a horizontal position in the
Check back side with light
TMAH solution. Clean wafers and all
microscope. The fractal
materials after contact with Triton with
width < 2x aperture width.
Acetone in PTFE beaker.
For example: with aperture
x
Use PTFE carrier. Prevent
FRQWDPLQDWLRQ7ULWRQZLOOFRDWJODVVZDUH of 3 um, the max width of the
fractal is 6 um. Stop etch if
x
Heat up TMAH, than dissolve Triton
under magnetic stirring (300 rpm) for 30 fractal width is: >3 um and
<6 um.
min.
With every 1 um etched in
depth, the fractal is 1.4 um
PRUHH[SRVHG

82.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

NL-CLR-WB17
Use special beaker for experimental TMAH
etching
WHPS&
XVHVWLUUHU

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
83.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

84.

Stripping of Parylene
(#strip103)

1 - Preheating
Flow: 600 sccm Ar
3UHVVXUHPEDUYDOYH
Power: 1000 Watt
Time: 10 min

Use “special” recipe 24.
Ashing Parylene for 40 min.

2- Ashing
Flow: 800 sccm O2
3UHVVXUHPEDUYDOYH
Power: 800 Watt
Time: 5 PLQ UHFLSHXSWRQP PLQ
(recipe 21)
Contact René Wolf for longer process time
85.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.

Add monitor wafer.

%HDNHU+12
7LPH PLQ
86.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ



87.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

88.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

89.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

90.

Etching in 50% HF
(#etch129)

NL-CLR-WB15
Use dedicated beaker
HF 50%
Temp.: room temperature

Remove SiRN masking
layer.

6L51-* QDQRODE  - QPPLQ
6L2 ȝPPLQ
6L1-+ QPPLQ
91.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

92.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

93.

LPCVD of SiRN (50-100
Mpa)
(#film102)

NL-CLR-/3&9'*
Program: SiRN01
6L+2Cl2 flow: 77,5 sccm
1+3 flow: 20 sccm
WHPSHUDWXUH&
SUHVVXUH 150 mTorr
1ORZVFFP
GHSRVLWLRQUDWH ± 4 QPPLQ
1f: ± 2.18

Front side processing
94.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ



250 nm.
*PLQ
*PLQ
Note: this insulation layer will
decrease the aperture size.

95.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

96.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

97.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

98.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

99.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

100.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

101.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

102.

LPCVD of Poly Silicon @
590°C
(#film105)

NL-CLR-LPCVD F2
Program: senspoly
6L+4 flow: 50 sccm
WHPSHUDWXUH&
SUHVVXUHP7RUU
 deposition rate: 3.4 QPPLQ
Stress: 30 MPa (klopt deze waarde)
Maximum thickness: 2.5 um

220 nm, 80 min.



103.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

104.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

105.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

106.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

107.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

108.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

109.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process



110.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)
Batch drying of substrates:
The Semitool uses the following standard
procedure:
5LQVHVHF USP
4-ULQVH0ȍ rpm)
3XUJHVHF USP
'U\LQJVHF USP
Note: it is obligatory to apply a single rinsing
VWHSLQWKH4'5EHIRUHXVLQJWKH6HPLWRRO

111.

Dry Oxidation of Silicon at
950°C
(#film169)

NL-CLR-Furnace B3
6WDQGE\WHPSHUDWXUH&
 Program: Ox950C
7HPS&
*DV22
)ORZOPLQ
5DPS&PLQ
&RROGRZQ&PLQ

112.

Dehydration bake
(#litho001)

NL-CLR-:%
Dehydration bake at hotplate
7HPS&
7LPHPLQ

113.

Priming HMDS (liquid)
(#litho600)

NL-CLR-:%
Primer: HexaMethylDiSilazane (HMDS)
use spincoater:
 program: 4000 (4000rpm, 30sec)

114.

Coating of Olin OiR 907-17 NL-CLR-WB21
(#litho101)
Coating: Primus spinner
2OLn OiR 907-17
6SLQSURJUDP USPVHF

35 nm. 45 min.
The oxide layer will protect
the poly-Si during patterning.
Poly-Si thickness is also
decreased for the formation
of the SiO2 layer, ratio


Before priming. Adhere a
piece dicing foil of 10x10
mm to cover the area which
has been back etched. This
will prevent the flow of resist
though the apertures by the
vacuum of the spinner.

Prebake: hotplate
 Time: 90 sec
7HPS&
115.

Alignment & exposure of
Olin OiR 907-17
(#litho301)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVN$OLJQHU
+J-ODPSP:FP2
([SRVXUHWLPHVHF

5HPRYHWKHGLFLQJIRLO
MEA60 TiN mask (MASK3).
Man. top
Crosshair
3 sec exp.

116.

Alignment & exposure of
Olin OiR 907-17
(#litho301)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVN$OLJQHU
+J-ODPSP:FP2
([SRVXUHWLPHVHF

Turnover sample. Flood
exposure 20 sec.



117.

Development of Olin OiR
resists
(#litho200)

NL-CLR-WB21
After exposure bake : hotplate
 Temperature: 120°C
7LPHVHF
Development: OPD4262
%HDNHU 30sec
%HDNHU 15-30sec

118.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

119.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

120.

Postbake of Olin OiR
resists
(#litho006)

NL-CLR-WB21
postbake: Hotplate
WHPS&
WLPHPLQ

121.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
GHGLFDWHGPLFURVFRSHIRUOLWKRJUDSK\
inspection

122.

&OHDQLQJE\892]RQH
(#surf100)

NL-CLR-UV PRS 100 reactor
Surface modification in order to improve the
wetting of resist patterns for wet-chemical
etching.
7LPH V

5 min. Treat the bottom side
of the sample for BHF etch.

123.

Etching in BHF
(#etch117)

NL-CLR-WB06
Use dedicated beaker BHF (1:7)
Temp.: Room temperature

30 sec. Pattern oxide.
Over etching will eventually
reduce the poly-silicon layer
SDWWHUQ

Etch rates:
Thermal SiO2:60-QPPLQ
3(&9'6L2QPPLQ
124.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

125.



Stripping polymers and
resists in HNO3 (99%)
(#strip206)

NL-CLR-WB06
Purpose: stripping of polymers and resists.
%HDNHU+123 (99%)
7LPHFRQWLQXHXQWLO complete removal
of resist

5 min.

126.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

127.

Etching in TMAH (25wt%)
(#etch147)

70°C

128.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

Etch rate for 6LXPPLQ
Etch rate poly-Si; > 0.5
XPPLQ
Etch 40 sec. after bubbles.
Check color and interface
change.
Over etching will eventually
reduce the poly-silicon
SDWWHUQ

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
129.

Etching in BHF
(#etch117)

NL-CLR-WB06
Use dedicated beaker BHF (1:7)
Temp.: Room temperature

40 sec. Remove oxide.

Etch rates:
Thermal SiO2:60-QPPLQ
3(&9'6L2QPPLQ
130.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

131.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

132.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
Time = 5 min

3OHDVH,1&/8'(7+(
),//(5:$)(56IURPWKH
wafer box of the B1 furnace
LQWKHZDIHUFOHDQLQJ7KH
maximum number of wafers
is 12 wafers, including the
filler wafers.



133.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

134.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

135.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

136.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

137.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

138.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

139.



Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

140.

Solid Source Diffusion
(SSD) of Boron
at 1000°C (#dopi105)

NL-CLR-SSD furnace Tempress B1
Standby temperature: 800°C
Program: SSD-1100 (SSD 100MM)
B2O5 deposition
WHPS&
JDV22 , 2 SLM
JDV12 , 2 SLM
WLPHPLQ
Anneal (soak)
WHPS&
UDPSXS&PLQ
FRROGRZQ&PLQ
*DV12: 4 SLM
7LPHYDULDEOH

141.

Etching in BHF (1:7)
(#etch119)

NL-CLR-WB02
Private use BHF, please use the dedicated
EHDNHURI:%

15 min.
Please REPLACE ALL
),//(5:$)(56LQWKH
wafer boat with the
previously cleaned filler
wafers and PROCESS THE
),//(5:$)(56ZLWK\RXU
process wafers till the end of
this basic flow.

Strip the wafers for 10 mins.

Temperature: room temperature
Etch rate: 60-QPPLQ IRUWKHUPDO6L2 
142.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

143.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

144.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHUHNO3
7LPH PLQ

145.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

146.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



147.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

148.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

149.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

150.

Dry Oxidation of silicon at
800°C
(#film126)

NL-CLR-Furnace B3
Purpose: removal of SiB from the surface by
oxidation into B2O5 (and wet-chemical
etching in BHF)
6WDQGE\WHPSHUDWXUH&
3URJUDP2[
7HPS&
*DV2
7LPHPLQ

151.

Etching in BHF (1:7)
(#etch119)

NL-CLR-WB02
Private use BHF, please use the dedicated
EHDNHURI:%

Strip the wafers for 10 mins.

Temperature: room temperature
Etch rate: 60-QPPLQ IRUWKHUPDO6L2 
152.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

153.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

3OHDVHSXWWKH),//(5
WAFERS back in the wafer
ER[RIWKH%IXUQDFH

154.

Sheet Resistance
measurement
(#metro109)

NL-CLR- Resistance Measurement
Equipment

Multi-meter in cleanroom

155.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.

,QFOXGHGXPP\ZDIHU

%HDNHU+12
7LPH 5 min



156.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

157.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

158.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

159.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

160.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

161.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

162.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

163.

LPCVD of SiRN (50-100
Mpa)
(#f lm102)

NL-CLR-/3&9'*
Program: SiRN01
6L+2Cl2 flow: 77,5 sccm
1+3 flow: 20 sccm
WHPSHUDWXUH&
SUHVVXUH 150 mTorr
1ORZVFFP
GHSRVLWLRQUDWH ± 4 QPPLQ
1f: ± 2.18

250 nm,
*PLQ
*PLQ
This layer will be removed at
the location of the aperture,
thus i twill not reduce the
size of the aperture.



164.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
Time = 5 min

165.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

166.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

167.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

168.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

169.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

170.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process

171.



Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

172.

LPCVD of Poly Silicon @
590°C
(#film105)

NL-CLR-LPCVD F2
Program: senspoly
6L+4 flow: 50 sccm
WHPSHUDWXUH&
SUHVVXUHP7RUU
 deposition rate: 3.4 QPPLQ
Stress: 30 MPa (klopt deze waarde)
Maximum thickness: 2.5 um

173.

Cleaning in 99% HNO3
(#clean001)

NL-CLR-WB14
Purpose: removal of organic traces.

200 nm, 60 min.

%HDNHU+12
7LPH PLQ
174.

Cleaning in 99% HNO3
(#clean002)

NL-CLR-WB14
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

175.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

176.

Cleaning in 69% HNO3 at
95 °C
(#clean003)

NL-CR-WB14
Purpose: removal of metallic traces.
%HDNHUDRUEHDNHUE+12
7HPS&
7LPH PLQ

177.

Quick Dump Rinse (QDR)
(#rinse120)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

178.

Etching in 1% HF
(#etch127)

NL-CLR-WB15
Purpose: remove native SiO2 from silicon.
Beaker: 1% HF
Temperature: room temperature
Time = 1 min
This step is obligatory for the MESA+ monitor
wafer (if applicable, see Equipment
database).

179.

Quick Dump Rinse (QDR)
(#rinse120

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process



180.

Substrate drying (WB15)
(#dry160)

NL-CLR-WB15
xSingle substrate drying
xBatch drying of substrates

181.

Wet oxidation of Silicon @
950°C
(#film166)

NL-CLR- Furnace B2
Standby temperature: 800°C
Check water level of bubbler
Check water temp. 85 °C
Program: WET950
7HPS&
*DV+2O + N2 (Bubbler)
1 )ORZOLWHUPLQ
5DPS &PLQ
&RROGRZQ&PLQ

182.

Dehydration bake
(#litho001)

NL-CLR-:%
Dehydration bake at hotplate
7HPS&
7LPHPLQ

183.

Priming HMDS (liquid)
(#litho600)

NL-CLR-:%
Primer: HexaMethylDiSilazane (HMDS)
use spincoater:
 program: 4000 (4000rpm, 30sec)

184.

Coating of Olin OiR 907-17 NL-CLR-WB21
(#litho101)
Coating: Primus spinner
2OLQ OiR 907-17
6SLQSURJUDP USPVHF

16 min. Oxide thickness:
150nm.
Reduce poly-silicon to 110
nm.

Before priming. Adhere a
piece dicing foil of 10x10
mm to cover the area which
has been back etched. This
will prevent the flow of resist
though the apertures by the
vacuum of the spinner.

Prebake: hotplate
 Time: 90 sec
7HPS&
185.

Alignment & exposure of
Olin OiR 907-17
(#litho301)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVN$OLJQHU
+J-ODPSP:FP2
([SRVXUHWLPHVHF

5HPRYHWKHGLFLQJIRLO
MEA60 SiN (MASK4)
containing only the contact
electrodes and reference
electrode.
Man. top
Crosshair
3 sec exp.

186.

Alignment & exposure of
Olin OiR 907-17
(#litho301)

NL-CLR- EV620
(OHFWURQLF9LVLRQ*URXS(90DVN$OLJQHU
+J-ODPSP:FP2
([SRVXUH time: 20 sec

Turnover sample. Flood
exposure 20 sec.

187.

Development of Olin OiR
resists
(#litho200)

NL-CLR-WB21
After exposure bake : hotplate
 Temperature: 120°C
7LPHVHF
Development: OPD4262
%HDNHU 30sec
%HDNHU 15-30sec



188.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

189.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

190.

Postbake of Olin OiR
resists
(#litho006)

NL-CLR-WB21
postbake: Hotplate
WHPS&
WLPHPLQ

191.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
GHGLFDWHGPLFURVFRSHIRUOLWKRJUDSK\
inspection

192.

&OHDQLQJE\892]RQH
(#surf100)

NL-CLR-UV PRS 100 reactor
Surface modification in order to improve the
wetting of resist patterns for wet-chemical
etching.
7LPH V

5 min. Treat the bottom side
of the sample for BHF etch.

193.

Etching in BHF
(#etch117)

NL-CLR-WB06
Use dedicated beaker BHF (1:7)
Temp.: Room temperature

2.5 min. Remove oxide.
Over etching will transfer the
starting point for the
sacrificial layer etching of
poly-silicon.

Etch rates:
Thermal SiO2:60-QPPLQ
3(&9'6L2QPPLQ
194.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

195.

Removal of organic
residues after lithography
(#residue001)

196.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-WB06
Purpose: removal of organic residues after
lithography in 99% HNO3.

5 min.

%HDNHU+12
7LPH PLQ
NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



197.

Cleaning in 99% HNO3
(#clean004)

NL-CLR-WB06
Purpose: removal of organic traces.
%HDNHU+12
7LPH PLQ

198.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

199.

Etching in TMAH (25 wt%)
(#etch150)

NL-CLR-:%
Use beaker with TMAH (25%) standard
WHPS&
XVHVWLUUHU
Etchrate poly-VLQPPLQ

200.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.

Private use TMAH.
Sacrificial poly-silicon layer
etching. Under-etch rate: ~
PPLQ

Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.
201.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

202.

,QVSHFWLRQE\RSWLFDO
microscope
(#metro101)

NL-CLR- Nikon Microscope
 dedicated microscope for lithography
inspection

The result of the sacrificial
layer etching can be
observed because of
contrast change through the
oxide layer on top (100x
objective).

203.

Etching in 50% HF
(#etch130)

NL-CLR-:%
Use dedicated beaker
HF 50%
Temp.: room temperature

Etch SiRN. Leave ~20 nm
on top of the boron doped
poly-silicon layer.

6L51-* QDQRODE  - QPPLQ
6L2 ȝPPLQ
6L1-+ QPPLQ
204.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.



205.

Etching in TMAH (25 wt%)
(#etch150)

NL-CLR-:%
Use beaker with TMAH (25%) standard
WHPS&
XVHVWLUUHU
Etchrate poly-VLQPPLQ

Private use TMAH.
Sacrificial poly-silicon layer
removal.

206.

Etching in 50% HF
(#etch130)

NL-CLR-:%
Use dedicated beaker
HF 50%
Temp.: room temperature

Etch ~20 nm of SiRN on top
of the boron doped polysilicon layer.

6L51-* QDQRODE  - QPPLQ
6L2 ȝPPLQ
6L1-+ QPPLQ
207.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

208.

Etching in 1% HF
(#etch210)

NL-CLR-WB06
Strip native SiO2 in 1% HF.
Beaker: 1% HF
7LPHPLQ

For multiple samples, treat
one sample at one time.
Samples need to be loaded
into Sputterke directly after
next QDR and drying.

Strip until hydrophobic surface.
209.

Quick Dump Rinse (QDR)
(#rinse119)

NL-CLR-Wetbenches
Purpose: removal of traces of chemical
agents.
Recipe 1 Quick dump rinsing (QDR)
Recipe 2 Cascade rinsing for fragile wafers
Rinse until message ´End of rinsing process´
is shown on the touchscreen of the QDR, else
repeat the rinsing process.

210.

Substrate drying
(#dry120)

NL-CLR-WB
Single substrate drying:
1. Use the single-wafer spinner
Settings: 2500 rpm, 60 sec (including 45
sec nitrogen purge)
2. Use the nitrogen gun (fragile wafers or
small samples)

211.

Sputtering of Ti
(#film116)

NL-CLR-sputterke-nr. 37
Ti Target (gun #: see mis logbook)
(OHFWURGHWHPSZDWHUFRROHGHOHFWURGH
$UIORZDSSVFFPSUHVVXUHGHSHQGLQJ
%DVHSUHVVXUHH-6mbar
6SXWWHUSUHVVXUHH-3mbar
SRZHU:
'HSRVLWLRQUDWH QPPLQ

1 min pre-sputter, 5 min
sputter. Thickness: ~63nm.

212.

Silicidation of C49 phase
TiSi2

RTP Solaris 150

Use scheme stated beneath



RTP for
Ti2Si

Step

Operation

750 @ 30
sec
process

1

Purge

2
3
4

Ramp up
Hold
Ramp
down
Finish

5

Control
Temperature
(°C)
25

Ramp rate 5(0
&V 6WHS ,QWHQVLW\
time (s)
600
0

750
750
150

50
30
50

115
7.8
0

200

20

0

N2
slm

1
5% H2

8

D: 50
8
8
8

P: 3
,-40

8

Lamp
power
(%)
100
100
100
100
100

213.

Cleaning RCA-1 private
use
(#clean106)

NL-CLR-WB09
removal of organic residues
1+4OH:H2O2:H2O (1:1:5) vol%
DGG1+4OH to H2O
DGG+2O2 when mixture at 70°C
WHPSHUDWXUH-80°C
PD[FOHDQLQJWLPHPLQ

Etch Ti, TiN and Ti5Si3. 15
min.

214.

Silicidation of C54 phase
TiSi2

RTP Solaris 150

Use scheme stated beneath

RTP for
Ti2Si

Step

Operation

900 @ 30
sec
process

1

Purge

2
3
4

Ramp up
Hold
Ramp
down
Finish

5



Control
Temperature
(°C)
25

Ramp rate 5(0
&V 6WHS ,QWHQVLW\
time (s)
600
0

900
900
150

50
30
125

80
7.4
0

200

20

0

N2
slm

1
5% H2

8

D: 50
8
8
8

8

P: 5
,

Lamp
power
(%)
100
100
100
100
100
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Summary
A revolution in cell culturing has been seen in the last two decades in which 3D
culturing became the state-of the-art, with the goal to mimic the in-vivo situation more
closely and allow for a physiologically more relevant study compared to the
environment in a petri dish. This revolution, however, has not been fully incorporated
in the field of in-vitro neuroscience and neither in commercial activities, yet.
In this work an attempt has been made to make such a 3D environment available for
a conventional planar microelectrode array (MEA) for in-vitro electrophysiology. A
reliable platform is realized by combining microfabrication and microfluidics towards a
3D brain-on-chip allowing for drug discovery and the study on diseases.
In chapter 2 recent advances in miniaturized three-dimensional (3D) neuronal cell
culture are presented, within the MESOTAS project.
In chapter 3, a novel hybrid microbioreactor has been developed as a tool for hydrogel
3D cell culturing on a conventional MEA towards a more physiologically relevant model
for the study on brain tissue. The Hydrogel/ poly-dimethylsiloxane (PDMS) bioreactor
enables a low shear stress 3D micro-sized culture environment by integrating a
hydrogel as a permeable barrier in to its PDMS casing, separating the culture chamber
and a fluidic exchange channel. Additionally, the location of the hydrogel cell culture
on the MEA surface is guaranteed to maintain the established coupling of cells and
electrodes. A two-step molding process facilitates this relatively simple, cost effective
and leakage-free add-on microculture system.
In chapter 4, the hybrid bioreactor is further explored to realize an on-chip biochemical
readout from a 3D culture by a commercial microchip capillary electrophoresis (CE)
system with contactless conductivity detection (C4D). An enhanced microbioreactor,
including a polyethersulfone barrier, was realized and the bottom-open culture
chamber design was utilized for sample collection from the culture chamber for
biochemical analysis of metabolites.
The development of a silicon sieving structure is provided in chapter 5, which describes
the microfabrication process of a highly uniform sieving structure consisting of 3D
pores opting for highly parallel single cell positioning. For the fabrication process,
standard plain silicon wafers are used, without the need for etch-stop layers or siliconon-insulator. To ensure that the sieve contains pores with identical aperture sizes by


Summary

merely the use of a timed etch-stop, sacrificial octahedral structures are formed
underneath each pore by means of corner lithography. These sacrificial structures
counteract non-uniformities in the thickness of the layer defining the sieve, resulting
from the deeS !ȝP DQLVRWURSLFEDFNVLGHZHWHWFKSURFHVV
In chapter 6, the investigations made during the development of an integration process
for the electrodes within this advanced MEA chip are described and demonstrated,
which subsequently leads to the invention of a novel device, termed a microsieve
electrode array (μSEA). After the realization of the sieving structure the silicon surface
is isolated and the electrode wiring material as well as masking layers are deposited.
Selective opening of the insulation layer at the ends of the wiring lines allows to
generate well-defined contact electrodes according to the layout used in commercial
microelectrode array readers. Within this work the main challenge lays in the
simultaneously selective etching of material at both the planar surface (contact
electrode) as well as in the sieving structure containing the (3D) pores (sensing
electrodes).
In chapter 7, an effort was made to use titanium nitride as electrode material for the
μSEA as an alternative to the previous used material concerning the sensing
electrodes. Furthermore, the tuning of the sensing electrode shape and size of the
sensing electrodes in the pores of the sieving structure is explained in depth. Also, first
attempts were made to perform electrical characterization of the sensing electrodes.
In addition, initial neuronal cell studies were performed on the novel μSEA, including
positioning and culturing.
In chapter 8 potential applications of the microsieve electrode array (μSEA) device are
discussed based on literature.
In chapter 9, an outlook and conclusions are provided.
In conclusion, by combining microfabrication and microfluidics a platform has been
realized towards a 3D brain-on-chip. The conventional microelectrode array principle
is engaged to realize a 3D cell environment for the cells positioned at the sensing
electrodes (establishing the neuroelectronic interface) and a microbioreactor add-on is
realized allows for 3D culturing of the cells in between the electrodes (neuronal
network). Hereby a allowing for more physiological relevant studies with an
electrophysiological readout.


Samenvatting
De wetenschappelijke ontwikkelingen omtrent celkweek in de laatste twee decennia
hebben geleid tot de huidige stand van zaken waarin 3-dimensionale (3D) celkweken
de norm is geworden, met het doel om de in-vivo situatie beter na te bootsen. Hiermee
kan de relevantie van fysiologisch studies worden verbeterd ten opzichte van de
beperkte mogelijkheden van de celkweek in een petrischaal. Een 3D celkweek kan
bereikt worden door de cellen een 3D omgeving op de microschaal aan te bieden,
echter dit wordt in de in-vitro neurowetenschap nog niet volledig toegepast en blijft het
beschikbaar maken van commerciële applicaties daardoor achterwege.
In deze dissertatie is gepoogd om deze 3D omgeving te integreren in een veel
toegepaste applicatie in de in-vitro wetenschappen, namelijk de microelectrode array
(MEA). Deze conventionele MEA microchips voor elektrofysiologie op gekweekte
cellen, bestaan echter uit vlakke microelektrodes. Door het combineren van
microfabricage en microfluidics zijn deze elektrodes geherstructureerd tot een 3D
omgeving, en wordt het tevens mogelijk om cellen hier te positioneren. Deze
vernieuwde opzet van de conventionele MEA zal moeten leiden tot een betrouwbaar
platform, een 3D brain-on-chip, voor reproduceerbare studies voor de ontwikkeling van
medicatie en de studie naar ziektes.
In hoofdstuk 2 worden de recente ontwikkelingen gepresenteerd binnen het
MESOTAS project omtrent geminiaturiseerde 3D neuronale celkweken.
In hoofdstuk 3 is de ontwikkeling van een hybride microbioreactor beschreven welke
een instrument is voor 3D-hydrogel celkweken op een conventionele MEA, om
zodoende een fysiologisch meer relevant model te verkrijgen voor onderzoek aan
hersenweefsel. Deze hydrogel/polydimethylsiloxaan (PDMS) bioreactor is zodanig
ontworpen dat de 3D-celkweek van enkele micrometers een minimale stress ervaart:
dit is mogelijk door het integreren van een hydrogel welke functioneert als een
permeabele barrière. Door deze barrière te integreren in de PDMS behuizing zijn de
celkweekkamer en het kanaal voor de aanvoer van voedingsstoffen gescheiden.
Bovendien is de locatie van de 3D-celkweek op het MEA oppervlak gegarandeerd en
wordt de positie van de cellen op de micro-elektrodes gehandhaafd. De
microbioreactor kan relatief eenvoudig en goedkoop worden gefabriceerd met een
twee-stap-gietproces.
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In hoofdstuk 4 is beschreven hoe deze hybride bioreactor is toegepast voor een
biochemische analyse van de 3D-celkweek door middel van het gebruik van
commerciële opstelling waarin een chip gebruikt is voor capillaire elektroforese (CE)
met contactloze geleidbaarheid detectie (C4D). Hiervoor is de microbioreactor licht
aangepast: er is een polyethersulfone barrière geïntegreerd. Het ontwerp van de
bioreactor maakt het mogelijk om de 3D-celkweek kamer direct aan te sluiten op de
CE-chip ten behoeve van het uitvoeren van de biochemische analyse van
metabolieten.
De ontwikkeling en microfabricage van een silicium microzeefstructuur is beschreven
in hoofdstuk 5. Deze zeefstructuur maakt het mogelijk om gelijktijdig grote
hoeveelheden cellen te positioneren in omgekeerd piramide-vormige poriën. De 3Dporiën in de microzeef hebben een zeer uniforme grootte. Voor het fabricageproces
worden standaard silicium wafers gebruikt, zonder etsstop lagen noch silicon-oninsulator substraten. Om toch zeer uniforme poriën te behalen, met een identieke
grootte van de openingen, is een tijd gelimiteerde etsstop gebruikt, in combinatie met
een octaëder-vormige structuur die tijdelijk onder elke porie wordt gevormd. Deze
octaëder-vormige structuur wordt gevormd door middel van een techniek genaamd
corner lithography. Door het vervolgens verwijderen van deze octaëder structuren (in
een volgende etsstap) kunnen eventueel ontstane dikte-variaties van de laag waarin
de zeef gevormd wordt worden gecorrigeerd, wat leidt tot een zeer uniforme porie
grootte in de microzeef.
In hoofdstuk 6 is deze zeefstructuur verder ontwikkeld, en zijn de poriën voorzien van
elektrodes. Op deze wijze is een geavanceerde MEA chip gerealiseerd, genaamd de
microsieve electrode array ȝ6($  1D UHDOLVDWLH YDQ GH PLFUR]HHIVWUXFWXXU LV KHW
siliciumoppervlak geïsoleerd en wordt elektrode materiaal (gedoteerd poly-silicium)
aangebracht. Vervolgens wordt dit elektrode materiaal geïsoleerd, en wordt deze
isolatielaag selectief verwijderd van de kontaktelektrodes en microelektrodes, om
elektrisch contact te bewerkstelligen tussen de gepositioneerde cellen en het
commerciële MEA uitleessysteem. De uitdaging lag hier in het tegelijkertijd selectief
etsen van materiaal op zowel het platte vlak (kontaktelektrodes) alsmede in de (3D)
poriën (microelektrodes).
In hoofdstuk 7 is beschreven hoe er een poging is gedaan om titaannitride als elektrode
materiaal te gebruiken voor de ȝSEA als alternatief voor de eerder toegepaste
elektrode materiaal. Verder wordt de mogelijkheid voor het afstemming van de vorm
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en grootte van microelektrode in de poriën van de zeef structuur toegelicht. Ook zijn
eerste pogingen gedaan om mircoelektroden elektrisch te karakteriseren. Bovendien
zijn de eerste cel studies uitgevoerd op de nieuwe ȝSEA, waaronder positioneren en
celkweken.
In hoofdstuk 7 is onderzoek beschreven dat tot doel had om titaannitride als elektrode
PDWHULDDOWHJHEUXLNHQLQGHȝ6($DOVDOWHUQDWLHIYRRUJHGRWHHUGSRO\-silicium. Tevens
is de mogelijkheid voor het aanpassen van de vorm en grootte van microelektrode in
de poriën van de zeefstructuur toegelicht, alsmede is een elektrische karakterisatie
van de microelektrodes uitgevoerd. Tenslotte zijn eerste celstudies uitgevoerd met de
ȝ6($ZDDURQGHUSRVLWLRQHUHQHQFHONZHNHQ
In hoofdstuk 8 zijn mogelijke toepassingen van de in deze dissertatie ontwikkelde
ȝ6($EHFRPPHQWDULHHUGRSEDVLVYDQOLWHUDWXXU
Tenslotte zijn in hoofdstuk 9 de conclusies van het onderzoek gegeven, en worden
mogelijk toekomstige ontwikkelingen & toepassingen toegelicht.
Samenvattend, op basis van het conventionele MEA principe is een geavanceerde
variant – de microsieve electrode array (μSEA) – gerealiseerd die het mogelijk maakt
om cellen te positioneren op de microelektrodes en vervolgens te kweken in een 3Domgeving. Een microbioreactor is gerealiseerd om boven op deze gepositioneerde
cellen een 3D-celkweek te realiseren. Hiermee is het mogelijk de relevantie van
fysiologisch onderzoek aan elektrofysiologische gedrag van cellen te verbeteren, door
de toepassing van microfabricage en microfluïdics tot 3D brain-on-chip.





Dankwoord
Ruim 4 jaar na mijn start als promovendus zit het er dan op. Na het schijven van dit
boekwerk en een verdediging zal ik er dan toch echt aan moeten geloven….het wordt
nu tijd voor “echt werk”. Hoezo “echt werk” zal u zich afvragen? Is zo’n promotie dan
geen “echt werk”? Nou, jawel, maar door stereotypering wordt snel de indruk gewekt
dat werk een dagelijks slopend drama is van files, niet haalbare deadlines en nare
collega’s. Gelukkig heb ik dit geenszins ervaren en misschien heb ik dan ook de
afgelopen 4 jaar geen “echt werk” gehad, echter een met veel passie en plezier aan
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