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Abstract

Multi-Electrode Array (MEA) systems have been widely used, for decades, in neuroscience
research, such as the detection of neuroactive compounds and the study of neuronal
electrophysiology and communication. Accurate positioning of neurons on electrodes enables the
recording from and stimulation of specified individual neurons on a MEA. Various cell patterning
techniques, integrated with MEAs, have been developed to ensure neuron-electrode
correspondence, which is the capability that most conventional MEAs lack, because of the random

distribution of neurons with respect to electrodes.

A novel multi-electrode array system has been designed and developed for active recruitment of
neurons on electrodes and the formation of mechanically confined neural networks. In this system,
positive dielectrophoresis (DEP) is applied to actively recruit hippocampal neurons to the
electrodes of the MEA, where polymer microstructures, such as microchambers and microtrenches

are created to effectively define a patterned neuronal network.

The dielectrophoresis theoretical calculation and simulation is first examined to prove the
feasibility of active positioning of hippocampal neurons using positive DEP. The MEA device,
referred to as DEP MEA, is designed, modeled, and fabricated on a quartz glass substrate. The
fabricated DEP MEA chip (8 mm by 8 mm) is packaged, and the functionality of our MEA system
is verified by active recruitment of embryonic mouse hippocampal neurons, the formation of
precisely patterned hippocampal neuronal networks, as well as successful recording of spontaneous
and stimulated neuronal potentials, including the propagation of evoked neuronal bursts between
electrodes. The cytocompatibility of the top microstructure layer on the DEP MEA, which is a layer
of thin cured SU-8 epoxy, is investigated to improve the viability of cultured primary hippocampal

neurons.



We then investigate the selective trapping (separation) of mouse hippocampal neurons from glial
cells using positive DEP, based on their different dielectric and physical properties. The DEP
movement of neurons and glial cells in the targeted suspension medium is analyzed. By comparing
the experimentally measured DEP crossover frequencies of neurons and glial cells with the
simulated values, new, refined neuron and glial dielectric and physical properties are predicted that

better reflect the DEP experimental results.

Finally, the design and development of the electronic circuit system and LabView control interface
is introduced. We conclude with potential improvements and future work to make this MEA system

amore precise, efficient, reliable and versatile BioMEMS platform for neural engineering research.



Chapter 1: Introduction

1.1 Significance

Over the past several years, there have been major breakthroughs in understanding the basic
mechanics and circuitry transactions for learning, cognition and information storage in the brain.
For instance, the brain slice preparation has revolutionized the study of synaptic transmission,
neural integration, and long-term potentiation, the simplest synaptic analog of learning [1]. The
capacity to study synaptic transmission in the slice preparation for a period as short as several hours
has allowed the elucidation of many computational principles and basic molecular mechanisms.
Such in vitro neural network, including brain slice, has become a popular research subject because
of the complexity and difficulty of studying in vivo neural system, which usually consists of
millions of neurons, and the fact that the neurons exhibit very similar electrophysiological

properties as in vivo [1].

In reality, study of the underlying mechanism of neural network activities helps us to understand,
for instance, why does seizure happen, how do drug compounds affect neural health, and how does
human brain react to artificial stimulations [2]. In order to facilitate such investigations, neural
signals from multiple neurons need to be measured simultaneously. As a result, a variety of multi-
electrode array (MEA) systems have been developed by different research groups and commercial
companies over the last three decades. These MEA systems are used in various applications
including cardiac safety pharmacology investigation, drug screening, and neurotoxin detection with
the capability to study spontaneous and stimulated neuronal activities, of several neurons
simultaneously, across a functioning neural network. Analyzing signals acquired from multiple
electrodes, researchers are able to obtain information about the formation of neural networks and

intracellular features of neurons.



Extracellular multi-electrode arrays (MEAs) have been widely used for neuronal potential
recording because of their non-invasive nature [3-6]. These MEASs enable the study of neuronal
electrophysiology and communication through simultaneous in vitro recordings and stimulations
from multiple neurons. By increasing the number of electrodes, conventional MEAs provide
reliable platforms for tissue-level or high-density neural culture and recording [3,6-11]. However,
most conventional MEAs lack the capability to precisely track and investigate electric signals from
specific individual neurons, which is crucial to decipher the working mechanism of functioning
neuronal networks. This limitation is caused by the random distribution of neurons with respect to
electrodes. With normal culturing substrates such as cover slides and petri dish, neurons are
randomly distributed and their dendrites and axons overlap are undefined, as can been seen in Fig.
1.1, which makes the geometrically dependent studies of functioning neural networks difficult, as
well as the characteristics of individual neurons [1]. Control of the organization of neurons in
defined networks in culture promises to provide a major technical innovation. With countable
neurons cultured in defined networks, this allows more precise control in the manipulation of both

individual neurons and microenvironment.



Figure 1.1 Mouse embryonic (E18) hippocampal neurons cultured on a glass cover slide on Div. 3
(days in vitro). Randomly distributed neurons and overlapped dendrites and axons make the
identification and study of functioning neuronal connections difficult. (Scale bar is 100 zm)

To address this problem, various cell patterning techniques, integrated with MEAs, have been
developed to ensure neuron-electrode correspondence. Microcontact printing (uCP) based on soft
lithography and the use of polydimethylsiloxane (PDMS) has proved effective [12,13], where cell
adhesion promoters such as poly-d-lysine or laminin are used to define cell attachment and growth
at specified locations (Fig. 1.2(a)). Meanwhile, surface chemical engineering, based on self-
assembled monolayers (SAMSs), can accomplish patterning of immortalized cell lines by covering
an MEA chip surface with cytophilic (cell-attractive) and cytophobic (cell-repulsive) coatings,
alternatively [13,14], as can be seen in Fig. 1.2(b). One alternative approach is to build
mechanically confining structures (Fig. 1.2(c)), such as neuronal cages [15], or posts [16]. More
recently, as an alternative to cage-like microstructures to confine neurons on top of electrodes,
nanopillars and nanowires (Fig. 1.2(d)), based on silicon substrate or carbon nanotubes (CNT), as
well as gold mushroom-shaped microelectrodes, have been developed as neuronal interfacing

platforms to facilitate cell anchoring for intracellular or extracellular recordings [17-19].



Additionally, microstructures have been fabricated for confinement of neuronal bodies and

guidance of neurites using SU-8 photoresist as a structural material [20].




Figure 1.2 Passive cell patterning techniques integrated with MEA. (a) Fluorescence micrograph
of hippocampal neurons (red) cultured on MEA (blue) surfaces that are patterned with poly-I-lysine
(PLL) by pCP [12]. (b) Phase contrast micrograph of mouse hypothalamic neurons (GT1-7)
cultured on a MEA surface that has been patterned with cytophilic 3-trimethoxysilylpropyl-
diethylenetriamine (DETA) self-assembled monolayer (SAM). (c) SEM image of a 4x4 array of
neurocages made out of parylene polymer [15]. (d) SEM image of 9 silicon nanowires that
constitute a Vertical Nano Electrode Array (VNEA), and a rat cortical cell anchored on top of a
VNEA [17].

Despite all these “passive” cell patterning efforts, where the positioning of cells is determined by
the natural selection and anchoring of cells based on the property of the substrate, the precise
positioning of primary mouse hippocampal neurons on electrodes, which are the cells normally
involved in the process of thought and memory, remains challenging. Based on our experimental
experience, we found that, either through cell-attractive protein patterning by microcontact printing
(CP), or cytophilic self-assembled monolayer (SAM) coating, the anchoring of somas and
guidance of neurites is more affected by the placement of neighboring neurons than by predefined
cell-adhesive regions [21]. Moreover, experimentally, it is preferable to pattern neurons with
single-cell resolution, as multiple neurons anchored on one electrode prevent reliable tracking of
the electric signals generated from one specific neuron or tracking the communication between two
specific neurons. Consequently, there’s a need for an active recruiting technique that can actively
attract neurons onto the electrodes of a MEA with single-cell resolution, and a cell patterning
approach that is capable of effectively defining the growth of neuronal processes based on

predefined structures to form a patterned functioning neuronal network in vitro.

1.2 Objectives

In this research, we aim to measure spontaneous and stimulated neuronal potentials from specified
neurons within a functioning neuronal network, as well as the propagation of neuronal potentials
between connected neurons. This measurement of neuronal potentials will be realized through a

multi-electrode array (MEA) system that can actively attract individual neurons to desired locations



on the MEA, which are areas on top of each electrode. Once trapped, the neurons can be cultured
directly on the MEA, and the growth of the neurites will be guided, based on predefined structures,
to form a patterned neuronal network. This MEA system is targeted towards the development of a
new platform which can facilitate the study of neuronal electrophysiology and communication
mechanism. The in vitro neuronal networks studied here are of particular interest because of their
relative simplicity, and the ability to express similar electrophysiological properties as in vivo, as
mentioned above. Although the in vitro neuronal network does not exactly represent the in vivo
neural network, it is expected that useful information about the integration of neuronal circuits,
cellular process behind the formation of neuronal networks, and neuronal responses to molecular

signals, can be extracted to help decipher the human brain activity.

In order to develop such a MEA system, the following technical aspects need to be realized, which

are also the objectives of this research:

(1) Individual neurons should be anchored precisely on desired regions, which are areas on top
of MEA electrodes.

(2) MEA devices should be able to support in vitro neural networks in culture, which indicates
a suitable microenvironment for primary neuron culture.

(3) Growth direction of neurites should be confined to specific regions on MEA chip surface,
so that precisely patterned neuronal networks can be formed in culture.

(4) Associated integrated circuit system needs to be developed so that the proper filtration,
amplification and recording of micro-volt level neuronal transmembrane potentials will be
realized, as well as the generation of stimulation pulses.

(5) With the goal of single-cell resolution patterning, one-to-one recording and stimulation
should be achieved for individual neurons, as well as the propagation of neuronal potentials

between neurons.



(6) Neuronal signal analysis should be performed to interpret the mechanism of a functioning

neuronal network.

At the same time, a number of challenges need to be overcome, to allow the functioning of the
MEA system. First, the MEA device, fabricated using micro-electro-mechanical system (MEMS)
technology, should be integrated in a microfluidic manner that neurons can be transported properly
during the active recruiting process. Second, neuron culture on the MEA device requires a
conductive liquid (neuron culture media) environment; therefore, electronic parts and their
connections of the system need to be effectively isolated and protected. Third, the culture of
primary neurons requires special selection and sterilization treatment for the materials used to

fabricate the MEA chip.

The MEA system described below is designed to meet all of these research objectives. In addition,
during the development of the system, research work has also been performed to investigate the

following subjects (as will be discussed in the chapters below):

1) The pretreatment of the MEA surface material to improve the cytocompatibility for
primary neuron culture, particularly as it applies to mouse hippocampal neurons.

2) The separation of embryonic mouse hippocampal neurons from glial cells using positive
dielectrophoresis (DEP), as it applies to the selective attraction of neurons on the electrodes
of the MEA.

3) The estimation of dielectric and physical properties for hippocampal neurons and glial cell,

based on the simulation and experimental measurement of DEP crossover frequencies.

1.3 System Overview

1.3.1 Active Cell Recruiting Techniques



Active and precise neuronal recruiting techniques are needed to attract neurons onto electrodes with
single-cell resolution. Active cell positioning techniques such as vacuum suction [22] and optical
tweezers [23] have been developed to attract single neurons to desired positions. One disadvantage
of these techniques is that they increase the complexity of the overall system. For this particular
application, dielectrophoresis (DEP) is applied to actively recruit individual neurons to the

electrodes of a MEA. A comprehensive comparison of the advantages and disadvantages of the

active cell positioning techniques, mentioned above, is listed in Table 1.1.

Table 1.1 Comparison of different active cell positioning techniques.

Method

Vacuum Suction

Optical Tweezers

Dielectrophoresis
(DEP)

Advantages

1. Single cell-on-electrode
trapping resolution

2. Simultaneous multi-site
recording capability

3. Improved S/N ratio with the
application of suction

1. No contact force

2. High force and displacement
resolution

3. Amiability to liquid media
environments

1. Simultaneous multi-cell
manipulation capability

2. Same trapping and recording
electrodes

Disadvantages

1. Wafers need to be etched through
during the fabrication (complexity).
2. Growth of neurites is not defined.
3. Effect of mechanical suction on
cell health is unknown.

1. Only single-cell manipulation at a
time

2. Separate trapping and neuronal
recording systems (complexity)

3. Possible thermal or photo damage
to the cell

1. Cell viability in low-conductivity
positive DEP medium needs to be
investigated.

2. Possible cell membrane breakdown

3. Limited negative effect on cell
health

under inappropriate electric field.

Vacuum Suction (Fig. 1.3): The cells are trapped by applying vacuum from the bottom side of the
device. Cells can be trapped on electrodes with single-cell resolution. The system is capable of
simultaneous multi-site recording; furthermore, the signal-to-noise ratio can be improved as the

suction provides better seal between the neuron and the electrode. However, the wafers need to be
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etched through to provide the suction holes for vacuum application, which increases the complexity
and cost of the fabrication process. In addition, with the current systems in literature [22], the
growth of neuronal processes is not defined so that patterned neuronal network is not achieved.
There might also be negative effect on the cell health because of the mechanical suction force,

which is unknown.
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Figure 1.3 Operation and neuronal recording principle for vacuum suction active cell positioning
technique [22].

Optical Tweezers (Fig. 1.4): Laser beams are focused on a cell through an objective, and the cell is
manipulated by momentum transfer from the laser beams. Under this operation principle, no contact
forces is applied on the cell, which protects the cell’s integrity. With precise optical setup of lasers
on a microscope, high force and displacement resolution can be achieved for the cell. Additionally,
the cell can be manipulated in its culture media environment. Most of the current systems, however,
can only move one cell at a time, which is time-consuming for multiple cell positioning purpose. It
is obvious that in addition to the optical trapping system, extra neuronal recording (electrode)
system needs to be integrated for the signal measurement function. Also, laser beams could bring

possible photo and thermal damage to the cell [23].
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Figure 1.4 Operation principle and system overview for active cell manipulation with optical
tweezer [23].

Dielectrophoresis: DEP cell manipulation takes advantage of electric field and the polarization of
the biological particles (e.g. cells) to move the cells to predefined positions. Normally, the electric
field is created by applying AC electric signals to electrodes, which can be the positions where cells
are trapped; furthermore, these electrodes can also function as the recording electrodes, simplifying
the system design. With electrode arrays, DEP systems bring the capability of simultaneous multi-
cell manipulation. Additionally, previous study has reported that the negative effect of DEP on cell
health is limited [24]. At the same time, concerns for the cell health because of the DEP medium

and electric field call for more investigations to ensure the viability and health of the cells.

1.3.2 DEP MEA Design Overview

Combining the considerations above, and the fact that DEP has been studied in our research group

for the manipulation of biological particles, we have chosen positive dielectrophoresis (pDEP) as
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an active cell trapping technique to actively recruit neurons to the electrodes of our MEA system,
referred to as DEP MEA, with the goal of achieving single-cell resolution. Dielectrophoresis is a
process in which a force is acting on a dielectric particle (e.g. a biological cell) when a hon-uniform
electric field is applied [25]. Depending on the relative dielectric and conductive properties of the
cells and the suspension medium, cells can be driven towards the maximum of electric field under
positive dielectrophoresis (pDEP) or to the minimum of electric field under negative
dielectrophoresis (nDEP). In this work, an electric field maximum is created above each electrode
of a MEA to actively trap hippocampal neurons on top of them, by positive dielectrophoresis (Fig.
1.5). Compared with other DEP systems, our DEP MEA is also designed to realize the following

unique features:

1) Single-cell-to-electrode positioning resolution.

2) Patterned neuronal network based on predefined structures.

3) Long-term optical and electrical monitoring with transparent quartz substrate.

4) Simultaneous neuronal signal recording and stimulation with the same DEP electrode

configuration.

7
A —

Figure 1.5 Positive DEP cell recruiting principle for our DEP MEA system.
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Once recruited, the growth of neuronal processes is mechanically confined to predefined
microstructures based on SU-8 photosensitive epoxy, resulting in the formation of patterned
neuronal networks. The SU-8 microstructures consist of microchambers, which are created on top
of each electrode, to confine the placement of the soma (cell body) of the neurons; and
microtrenches connecting those microchambers, which are designed to guide the growth of neurites,
so that a patterned neuronal network can be formed in vitro. From previously reported work [15-
16, 20], mechanical confinement of neuronal growth has proven effective with predefined
microstructures. With this MEA system, spontaneous and stimulated neuronal signals are detected
from specific neurons growing on top of electrodes, as well as the propagation of evoked neuronal

potential spikes.
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Chapter 2: DEP MEA System Design and Fabrication

2.1 Dielectrophoresis
2.1.1 Theoretical Background

Dielectrophoresis (DEP) is a phenomenon in which a force is exerted on a dielectric particle (e.g. a
biological cell) when it is subjected to a non-uniform electric field [25]. This force does not require
the particle to be charged. All particles exhibit dielectrophoretic activity in the presence of electric
fields. DEP is a process that relies on electrical polarization of neutral cells present in a solution
(Fig. 2.1). The process depends on dielectric and conductive properties of both the cells and solution
and is controlled by the electric field amplitude and frequency [27]. Particles can migrate to the
maximum of electric field in positive dielectrophoresis (pDEP) or to the minimum of electric field

in negative dielectrophoresis (nDEP).
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Figure 2.1 Dielectrophoresis results in the polarization of a neutral particle (formation of a dipole).
As a result, such a particle will move in an electric field either toward an electric field maximum
area or an electric field minimum area, depending on permittivity and conductivity parameters of
the whole system [26].

Recently, dielectrophoresis has been revived due to its potential in the manipulation of

microparticles, nanoparticles and biological cells [28, 29]. Dielectrophoresis can be used to
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manipulate, transport, separate and sort different types of particles. Since biological cells have

different dielectric properties [27], dielectrophoresis has many medical applications.

The governing equation for dielectrophoretic force exerted on a dielectric particle in a non-uniform

electric field is expressed as [28]:

F =2nr3g,Re[K|VE? (2.1)

where r is the radius of dielectric particle, &, is the electric permittivity of suspension medium, E
is the non-uniform electric field and Re[K] is the real part of Clausius-Mossotti (C-M) factor K

where [27]:

K = fpfm 2.2)

ept2em

&y and ey, are the complex dielectric permittivities of particle and medium, respectively. The

complex dielectric permittivity is given by [28]:
f=e—iZ (2.3)
where ¢ is dielectric permittivity, o is chmic conductivity, and w is the electric field frequency.

If £, and &5, in equation (2.2) are substituted with equation (2.3), the real part of Clausius-Mossotti

factor can be calculated as:

(ep—&m)(ep+2em) +ﬁ(ap—am) (0p+20m)
= Gptiom

)2

Re[K] (2.4)

2
(ept2em)®+(—

where &, 0, £y, and oy, are the electrical permittivity and conductivity of particle and medium,
respectively. The &, and &, in our research refer to the electrical permittivity of cell and suspension

medium, which will be discussed in the following section, both their values are relatively close to
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each other, and are orders of magnitude less than o,, and g, so the sign and magnitude of Re[K] is

approximately determined by o, and o,,.

Therefore, from equation (2.4), we can generally distinguish between positive and negative

dielectrophoretic effects:

Positive dielectrophoresis (pDEP): Re[K]>0 (o, > 0,,). Particles are attracted to electric field

intensity maxima and repelled from minima.

Negative dielectrophoresis (nDEP): Re[K]<0 (o, < g,,). Particles are attracted to electric field

intensity minima and repelled from maxima.

In our DEP MEA system, positive DEP, integrated with low-conductivity medium will be applied

to actively trap cells onto the top of each of the MEA electrodes.

2.1.2 Dielectrophoretical Cell Model

In order to investigate the complex frequency dependence of DEP, biological cells are often modeled
as simple dielectric spherical particles with lossy shells. Walled cells are the structural building
blocks of plants, but many important single-cell microorganisms also take the basically similar form
[28]. Fig. 2.2(a) depicts the very simple model of a spherical walled cell, which consists of three
regions: cell wall, cell membrane and cell interior (cytoplasm). The cell wall provides structural
support or mechanical protection to the cell. The cell wall is usually molded as a homogeneous

spherically concentric shell of finite thickness with bulk permittivity ¢,, and ohmic conductivity a,,.

The cell membrane has a selectively permeable bi-layer of liquid protein molecular; it functions as
a two-way conduit for nutrients required by cell growth and waste materials from the cell [28]. The
membrane serves as a low loss capacitor, and it is typically characterized by effective capacitance

Cm and conductance gm, both per unit surface area.
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The cell interior contains an aqueous ionic environment where various structures are suspended,
including the nucleus. Here, a homogeneous simplified model with dielectric permittivity e, and

ohmic conductivity o, is used to represent the cell interior (cytoplasm).

WMEtbrane: Cp, Sn
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Ec . Oy

Eme O

Figure 2.2 Simple dielectric model of a walled cell (a) and a mammalian cell (b).
Compared with walled cells, mammalian cells, including neurons, usually lack a cell wall. This
makes the mammalian cells comparable to the protoplast model, where a conductive fluid interior
is enclosed by a very thin capacitive layer (membrane), as sketched in Fig. 2.2(b). Analytical

expression for cell complex permittivity &, is [28]:

& =t jwr, +1
T w(r, +7,)+1 (2.9)
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Cm is the effective cell membrane capacitance and r is the cell radius, where tn=cm r/o,. and w.=¢./o..
Assuming the transmembrane conductance gm is negligible, substituting equations (2.3) and (2.5)
for the complex permittivity of medium and cell respectively into (2.2), the analytical expression of

C-M factor for mammalian cells (neurons) in medium is:

0 = [0 (257 55) o (302 1o (5504 22250)

Om Oc  Oc Om m O Oc Om Om Oc

jw (Cmr +2m ™42 C’"r)] ' (2.6)
where r is cell radius, €, and ¢, are the dielectric permittivity of cell and suspension medium
respectively, o, and a,,, are the ohmic conductivity of cell interior (cytoplasm) and medium, cn is
cell membrane effective capacitance per unit area, and w is the angular frequency of the electric

field.

2.1.3 Frequency Dependence of DEP

According to equation (2.6), the real part of Clausius-Mossotti Factor is determined by the
dielectric and conductive properties of the cell and suspension medium, as well as the frequency of
the electric signal used to create the electric field. Consequently, with specified biological cells and
suspension medium, the frequency-dependence of DEP force exerted on mammalian cells is
determined by the relationship between the real part of the C-M factor, Re[K] and angular
frequency w; furthermore, a dielectrophoretic frequency spectra plot of Re[K] will give the

interested frequency range for expected DEP effect.

It is one of our objectives to actively attract mouse hippocampal neurons to the electrodes of the
MEA, with pDEP. Therefore, the frequency spectra of Re[K] has been simulated using Maple
(Maplesoft, Inc.), for primary mouse hippocampal neurons in a DEP suspension medium that is a
mixture of 10% sucrose (w/v in deionized water) and primary neuron culture media, NbActivl

(BrainBits, LLC.), at different ratios (Fig. 2.3). For instance, the 30% cell media data line (magenta)
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represents the mixture consisting seven parts of 10% sucrose (w/v in deionized water) and three
parts of NbActivl. These sucrose/cell media mixtures have low conductivity and appropriate
physiological osmolarity for neurons to survive during pDEP trapping [30]. The simulation was
based on dielectric and physical properties of neurons and suspension medium from measurement
and literature, as listed in Tables 2.1 and 2.2. Medium conductivities were measured by the EC410
Conductivity/TDS/Salinity Kit (EXTECH Instruments, Inc.), and average cell radius (20 cells were
measured) was determined by digital microscopy software, Motic Images Plus 2.0, on a PSM-1000
microscope (Motic Group CO., LTD.). The other properties, including suspension medium
permittivity, cell interior permittivity, cytoplasm conductivity, and cell membrane effective
capacitance, were obtained from the literature [31-36]. Because of the lack of the literature data on
the properties of mouse hippocampal neurons, averages were taken from closely-related mouse
neurons, such as mouse CA3 pyramidal neurons and interneurons [31, 34] and cortical rat neurons

[33], as can be seen in Table 2.1.
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Figure 2.3 DEP spectra simulations of mouse hippocampal neurons in suspension media consisting
of 10% sucrose (w/v in deionized water): cell media at different ratios.

Our modeling has shown that positive DEP (pDEP) is not possible in pure (100%) cell media (Fig.
2.3, yellow lines) within our frequency range of interest, because in that range, the real part of
Clausius-Mossotti factor is negative (see Fig. 2.3). This negative DEP is caused by the high
conductivity of the medium. With the addition of sucrose, however, the suspension medium
conductivity is lowered, thereby enabling pDEP. The positive plateau regions in Fig. 2.3 indicate
the frequency ranges for the maximum pDEP effect in different situations. The bold (magenta) data
line (30% cell media) indicates the cell media concentration in suspension medium that we
eventually selected to use in our neuronal trapping experiments, because this suspension medium

has proved effective for pDEP hippocampal trapping (described in section 3.1 Neuronal pDEP
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Active Recruiting). It contains relatively more neuron culture media than the other options, which

renders it more favorable for neuronal survival.

Table 2.1 Dielectric and physical properties for hippocampal neurons simulated in Fig. 2.3.

Cytoplasm Cytoplasm Cell radius  Membrane effective

permittivity  conductivity r (um) capacitance Cn
RN g, (S/m) (F/m?)
Hippocampal 782 0.65° 4 0.008¢
Neurons
a[33, 36];

® Averaged from [31, 33, 34];
¢ Averaged from [31-34];

Table 2.2 Dielectric and conductive properties for DEP suspension medium.

Medium Medium
permittivity €,,/e,  conductivity o,
(S/m)
Cell Media 802 1.104
(NbActivl)
10% Sucrose 76° 1.5x10*
#[36];
b[35].

2.2 Device Structure Simulation (FEA & DEP)

In order to explore the intricacies of pDEP attraction of cells on electrodes, DEP electric field
simulation was performed with CoventorWare (Coventor, Inc.) finite element analysis (FEA)
software. A simplified one-electrode model based on targeted device structure was built (see Fig.
2.4(a)). In this model, bottom electrode is sandwiched between glass substrate and silicon oxide
passivation layer, and a via is etched through the passivation layer to open and define the electrode
site. SU-8 epoxy is patterned above the passivation layer, where different microstructures, including

microchambers and microtrenches, are created using using photolithography. In the electrostatic
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simulation, +3V potential was applied to the electrode. The simulated electric field distribution is
shown in Fig. 2.4(b). It can be seen that the electric field maximum area is located above the open
via, as the central red peak extending above the surface indicates. This means the cell will be

attracted to the open via on top of the electrode when pDEP is implemented [37].

(b)

Ermag: D.0E+00 10E01 20E01 30ED1 40ED1

dEE s (V/pm)

COVENTOR
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Figure 2.4 (a) FEA model of DEP MEA electrode structure where the bottom blue layer is glass,
the red layer is silicon oxide, and the green layer is SU-8. The electrode (yellow) is sandwiched
between the glass and silicon oxide. (b) Simulated electric field distribution using CoventorWare
(Coventor, Inc.) where red area in the center that extends above the surface is attractive to cells by
positive DEP because of stronger electric field intensity.

With electric potential data extracted from Coventor, 2-D electric field gradient and DEP force
distribution can be calculated in MATLAB (MathWorks, Inc.) using equation (2.1). The electric
field gradient and DEP force distribution at the surface above SU-8 layer, where the cells will be
located before they are trapped by pDEP, are shown in Fig. 2.5. Maximum DEP force areas (shown

in dark red color in Fig. 2.5 (bottom)) are also located above the open via on top of electrode.
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Figure 2.5 2-D MATLAB plots of gradient of electric field squared (top), and DEP force on cell
(bottom). The surface of interest sits above the SU-8 epoxy layer.

2.3 Layout and Fabrication

2.3.1 Design Revision 1

Based on the electrode structure modeling, discussed above, we designed our DEP MEA device,
which consists of a 16-electrode array. The fabrication process starts with a quartz glass substrate,
based on a three-mask process, which is described in detail in Appendix Il: DEP MEA Fabrication
Process. Generally, the first metal electrode layer is created by e-beam metal evaporation and lift-
off process, using the first photomask (Fig. 2.6). Then an oxide passivation layer is deposited and
patterned by a second photomask (Fig. 2.7). This passivation layer forms an electrical isolation
between the electrode and the ionic cell media. Finally, an epoxy layer made from a photosensitive
material is patterned, using the third photomask (Fig. 2.8), to create microstructures for mechanical

neuronal confinement.

LEHIGH MEMS PDEP MEAG 4x4_100_30umChamberS

Figure 2.6 First layer mask defining the electrodes (yellow) on a quartz substrate. The entire DEP
MEA die is shown on the left, a 3-D fabrication simulation focusing on the central electrode area
is shown on the right.
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Figure 2.7 Second layer mask defining the passivation oxide (red). The entire DEP MEA die is
shown on the left, a 3-D fabrication simulation focusing on the central electrode area is shown on
the right.

Figure 2.8 Third layer mask defining the epoxy microstructures (green). The entire DEP MEA die
is shown on the left, a 3-D fabrication simulation focusing on the central electrode area is shown
on the right.

The fabrication process (see Fig. 2.9) starts with a 3-inch quartz wafer (Mark Optics, Inc.). Quartz
wafers are selected because of their higher purity compared to other glass wafers, and because of
fewer concerns for cross-contamination issues in our microfabrication facility. First, a layer of

negative photoresist for lift-off, nLOF2070 (AZ Electronic Materials Corp.), is patterned on the
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wafer (a-b). Then 20 nm of titanium (Ti), 300 nm of gold (Au), and 20 nm of chromium (Cr) are
deposited with an E-beam evaporator (c), followed by lift-off process (d) to define the metal
electrodes and bonding pads. The Ti layer is an adhesion layer between quartz and gold; the Cr
layer promotes the adhesion between gold and SU-8 epoxy, which is patterned during subsequent
steps, as described below. After lift-off, 1 um of silicon oxide is deposited using Plasma Enhanced
Chemical Vapor Deposition (PECVD) (e), to be used as the passivation layer. Vias, located on top
of electrodes and bonding pads, are etched by Reactive lon Etching (RIE) using CF4 and O (f).
The last layer is a photopatternable SU-8 epoxy (MicroChem Corp.), into which microstructures,
including microchambers and microtrenches, are created through lithography (g). Finally, Cr etch

is performed to remove the top Cr layer from the DEP electrode sites and gold bonding pads (h).

Figure 2.9 Fabrication process flow for DEP MEA.
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Each DEP MEA (8 mm x 8 mm) has 16 electrodes, of 25 um in diameter, connected to 16 wire
bonding pads at the edge of the chip. The distance between adjacent electrodes is 100 um. See Fig.
2.10 and Fig. 2.11 for an overview of the location of the major parts of the chip. Silicon oxide vias
etched on top of each electrode have diameters of 6 um, defining each electrode site, and SU-8
microchambers are patterned above each electrode, with microtrenches connecting them. These
SU-8 microstructures are designed to mechanically confine the growth of neuronal processes once
neurons are anchored on top of each electrode by pDEP, so that geometrically-defined neuronal
networks can be formed. Different dimensions are designed, including the diameter (20um, 30um
and 50um) of the microchambers and the width (2 um, 5um and 7um) of the microtrenches,
respectively. Finally, an optical micrograph of the fabricated DEP MEA is shown in Fig. 2.12, with
a close-up view of the 16-electrode array at the center of the chip and a scanning electron

microscopy (SEM) image showing the detailed structure of one of the electrodes.

Figure 2.10 Stacked three-layer masks of a single DEP MEA die. Each device die is 8 mm by 8 mm
square.
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Figure 2.11 Close-up view of masks focusing the central electrode array region, with labeled
features.
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Figure 2.12 DEP MEA design and fabrication. (a) Optical micrograph of fabricated DEP MEA,
another eight bonding pads on the top and bottom are not shown here. (b) A close-up view of the
central 16-electrode array with SU-8 microchambers above connected by microtrenches to guide
the growth of neurites. (c) An SEM image showing the structure of one electrode site. Scale bars

in (a), (b) and (c) are 1000 zm, 100 um and 20 um respectively.

2.3.2 Design Revision 2
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The DEP MEA devices were fabricated based on the first version of design, described above.

Neuronal active recruiting and neural network patterning experiments were performed to verify the

functions of the system, as will be discussed in detail in Chapter 3: Active Neuronal Recruiting and

Patterning with DEP MEA System. A few drawbacks, about the device design, arose during the

experiments, which led to potential improvements. These drawbacks are listed below.

1)

2)

3)

4)

With inverted microscopes (objectives sitting underneath the sample), which are usually
used in biological experiments, the views of neurons trapped on the electrodes are blocked,
because the 25 um-diameter electrodes are larger than neuron bodies, and the electrodes

are not transparent.

No reference electrode was designed on the chip, so that additional ground (reference) has
to be provided during both the neuronal DEP recruiting and neuronal potential recording
experiments. During the recruiting process, the DEP suspension medium has to be
grounded for optimal DEP effect on the electrodes. While performing neuronal potential
recording, background noise signal has to be “picked up” by the reference electrodes, so

that the noise can be subtracted through differential amplification.

There are limited design combinations about the SU-8 microchamber diameters and
microtrench width. In the first version of design, three parameter-combinations are
included (microchamber diameter (um) — microtrench width (um)): 50-7, 30-5, and 20-3.
However, it is observed in the experiments that, 20 um chambers are best for neuronal
recruiting on the electrodes with single-cell resolution, and 7 um trenches are the most
effective for the patterning of neurites. Therefore, more variable microstructure designs are

needed for optimal neuronal recruiting and patterning.

In the first version of wafer-scale mask design, half of the wafer is arranged for DEP

electrode test structures, for the purpose of pDEP cell trapping test, as described in [37].
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After the cell trapping test, there is room for improving the throughput of fabrication of the

DEP MEA chips.

As aresult, due to these limitations, improvements are made in the second version of device design,
based on the first version. The dimension of each die is kept at 8 mm by 8 mm, and the fabrication
process is also the same. See Fig. 2.13 and Fig. 2.14 for an overview of the DEP MEA die in the

second version of design. In the new design:

1) The diameter of the electrodes has been reduced to 10 um, with the goal that when neurons
anchored on the electrodes, partial of the neuron bodies will be viewable with inverted

microscopes.

2) Four reference electrodes have been supplemented, in addition to the 16 working electrodes,

to function as ground and reference in the DEP recruiting and neuronal recording processes.

3) There are more design combinations for the SU-8 microchamber diameter and microtrench
width, such as (microchamber diameter (um) — microtrench width (um)): 20-5, 30-3, 30-7
and 50-5. In addition to 100 um, the distances between electrodes of 150 um and 200 um

have also been included.

4) After successful cell trapping test, in the second version of layout design, DEP MEA chips

are designed throughout the whole wafer to improve the throughput of the fabrication.
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Figure 2.13 Stacked three-layer masks of a single DEP MEA die in the second version of device
design. Each device die is also 8 mm by 8 mm square.

Figure 2.14 Close-up view of masks focusing the central electrode array region, with labeled new
features in the second version of design.

2.4 Device Packaging

A DEP MEA chip was wire bonded (Appendix I1l: DEP MEA Device Packaging Process) on a
Side-Brazed Dual In-Line Ceramic Package (DIP) (Spectrum Semiconductor Materials, Inc.) with

a polydimethylsiloxane (PDMS) pad (0.6 mm thick) attached underneath (Fig. 2.15(a)). A three-
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mm-diameter hole was drilled, by a diamond tip, at the center of the DIP to facilitate visualization
with inverted microscopes. A pre-made PDMS mold was attached on the DIP package with uncured
PDMS to form a five-mm-deep neuronal culture chamber, where Tygon microbore tubing (Cole-
Parmer) was embedded for microfluidic transmission during the pDEP process (Fig. 2.15(a-b)).
The purpose of the PDMS pad positioned underneath the MEA chip was to raise the chip’s surface
to the same level of the microbore tubing so that neurons driven by media were floating right on
top of the MEA. The whole packaged device was autoclaved for 20 min prior to usage. In addition,
a customized, printed circuit board (PCB) (Chapter 5) (Fig. 2.15(c)) was designed and fabricated

to provide an electric signal interface for pDEP trapping.
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Figure 2.15 Device packaging. (a) Schematic of DEP MEA packaging process. (b) Picture showing

y PDMS pad

DEP MEA with

underneath

a packaged DEP MEA device. (c) pDEP neuronal recruiting setup.
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Chapter 3: Active Neuronal Recruiting and Patterning with DEP MEA
System

In this chapter, positive dielectrophoresis (0DEP) is applied to actively recruit hippocampal neurons
to the electrodes of our DEP MEA, whereas SU-8 microstructures such as chambers and trenches
are created to effectively define a patterned neuronal network. Various pretreatment methods of
SU-8 photopatternable epoxy are studied to improve the biocompatibility of thin-cured SU-8 layers
implemented here as a structural material, particularly as it reflects on hippocampal neurons. The
functionality of our novel MEA system is proven by the successful recording of spontaneous and
stimulated neuronal potentials from primary hippocampal neurons, including the propagation of
evoked neuronal bursts between electrodes. In order to pattern neurons with positive
dielectrophoresis (pDEP), neurons have to survive the implementation of pDEP, which attracts
them to the electrodes. In this chapter, we also systematically evaluate the long-term (up to 12 hours)
viability of embryonic mouse hippocampal neurons after being actively positioned on the

electrodes of a custom-made MEA using dielectrophoresis.

3.1 Neuronal pDEP Active Recruiting
3.1.1 Hippocampal Neuron Dissociation and Culture

Embryonic mouse hippocampal neurons are actively trapped to the electrodes of the DEP MEA.
Hippocampal neurons are investigated in this research because of their important role in the process
of thought and memory, such as the transition of short-term memory to long-term memory and

special navigation. The hippocampal cells are prepared for our experiments as follows.

To isolate hippocampal cells, embryonic (day 18) mouse hippocampus tissue (BrainBits, LLC.) is
treated with filtered papain (Worthington Biochem. Corp.) in Hibernate E-Ca solution (BrainBits,

LLC.) ina 30°C water bath for 30 min. Then, the tissue is transferred to 2 mL Hibernate EB medium
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(BrainBits, LLC.) with a sterilized 9-inch Pasteur pipette (Fisher Scientific) and triturated using a
P1000 micropipette. The triturated tissue and Hibernate medium are transferred, together, into a
sterile 15 mL centrifuge tube. After being centrifuged at 200g for 1 min, dissociated cells are
resuspended in NbActivl media (BrainBits, LLC.). This neuron/glial mixed suspension, diluted
with NbActivl media to 20 x 10* cells/mL, is used immediately for DEP recruiting of hippocampal
neurons in cell-trapping solution, as described in the following section. To culture hippocampal
neurons, directly (without DEP), cell suspensions from the dissociation process, above, are plated
at 1.6 x 10*cells/cm? on DEP MEA chips in NbActiv1 neuron culture media, and maintained in a
humidified incubator at 37 °C with 5% CO.. Hippocampus tissue dissociation procedure is

described in detail in Appendix 1VV: Mouse Hippocampal Neuron Dissociation and Culture Protocol.

3.1.2 Neuronal pDEP Recruiting Protocol

Positive DEP is achieved in a low-conductivity 30% cell media cell-trapping solution, with a
measured conductivity of 0.331 S/m; the cell-trapping solution consisted of seven parts of 10%
sucrose (w/v in deionized water) and three parts of neuron culture media NbActivl (BrainBits,
LLC.). Detailed DEP theoretical analysis can be found elsewhere [25, 28], as discussed in Chapter

2.

While applying pDEP to position the neurons on top of electrodes, the packaged DEP MEA device
is anchored on the DEP interface PCB, and an ITO (Indium tin oxide)-coated cover slide (Sigma-
Aldrich Co. LLC.), connected to ground, covers the PDMS chamber as a reference electrode, as
can been seen previously in Fig. 2.15. In actual experiments, instead of connecting the ITO slide to
the ground pin on the PCB through a conduction wire, a (ground) probe station microcontroller is
used to hold the ITO slide, through a probe tip, above the packaged DEP MEA device, as can be
seen in Fig. 3.1(a). With the microcontroller, the movement of the ITO slide can be achieved with

much better precision above the PDMS chamber, both on and off the device. Electrical connections
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between the ITO slide and the conduction wire or the tungsten probe tip are realized by applying a
conductive silver epoxy. The ITO slide is rinsed with ethanol and sterilized DI water prior to usage.
An AC electric signal of 6 Vpp and 10 MHz is provided by a function generator (Agilent 33521A)
and fed into the PCB. The DEP neuronal trapping setup is mounted on the stage of an upright
microscope (Nikon OPTIPHOT) while performing the experiments (Fig. 3.1(b)). DEP cell-trapping
solution containing sterilized 10% sucrose (w/v in deionized water) and neuron media NbActivl is
infused through the microbore tubing and into the PDMS chamber by two syringe pumps (inlet and
outlet) (Harvard Apparatus). The frequency of the electric signal is selected at 10 MHz because, as
shown previously in Fig. 2.3, the frequency provides the maximum pDEP effect in DEP suspension
medium containing 30% cell media; furthermore, as will be discussed in the following sections, at
this particular frequency, the integrity of the cell membrane can be ensured (section 3.2.2), and
only neurons, instead of glial cells will be attracted to the MEA electrodes (Chapter 4). The
amplitude of the signal is chosen to be 6 Vpp, as this voltage can prevent the cell membrane from

breakdown (section 3.2.2), while being pDEP-neuronal-trapping effective.

The diluted neuron/glial mixed cell suspension (in NbActivl media), from the procedure above, is
added into the PDMS chamber directly with a micropipette, and cells are permitted to settle on the
MEA surface for 5 min. 10% sucrose is then added by a micropipette to create the 30% cell media
cell-trapping solution. The ITO slide is lowered by the microcontroller to cover the PDMS chamber
of the MEA device after the AC electric signal is turned on. Because of the high viscosity of the
sucrose solution, cells tend to float rather than settle to the surface if pumped into the chamber
together with DEP suspension medium, which makes the pDEP trapping of neurons very difficult,
since the DEP effect is only effective near MEA surface, as demonstrated by our previous
simulation [37]. DEP suspension medium, therefore, is transmitted through the tubing alone, to
move cells across the MEA chip surface. Initially, 300-400 uL/min flow rate is applied for 5 min

for cells to be recruited by pDEP; afterwards, 500 puL/min flow rate is used for another 5 min to
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move away extra cells that are not anchored. The electric signal is turned off after the pDEP
trapping, and neuron culture media, NbActivl, is fed into the chamber at 300 puL/min for 5 min to
replace the cell-trapping medium. Finally, the ITO slide is raised up off the device and the DEP
MEA device is incubated with 5% CO- at 37 °C for 15 hours, covered with a customized petri dish

lid, as shown in Fig. 3.1(c).

Pom) Bar
| cih

- | 3 o
e 1002 vl n...ﬂ"!‘ﬁ 'n




Figure 3.1 Neuronal pDEP recruiting experimental setup. (a) Close-up view of the packaged DEP
MEA device during experiments, with labeled major components. A tungsten probe tip connecting
the microcontroller and the ITO slide is hidden behind the microscope objective. (b) Overview of
the pDEP neuronal recruiting experimental setup, with additional labeled major components. (c)
A packaged DEP MEA covered with a customized petri dish lid, the lid also covers the device
during the neuronal incubation.

3.1.3 Immunocytochemistry (ICC)

After DEP recruitment and 15 hours of incubation, anchored cells are fixed by 4%
paraformaldehyde for 20 min at room temperature (RT), permeabilized with 0.1% Triton X-100 in
phosphate buffered saline (PBS) for 15 min, and blocked with 0.01% Triton X-100 and 1% bovine
serum albumin (BSA) in PBS for another 15 min. Cells are rinsed with 1X PBS, twice, between
each step. Then, cells are incubated with primary antibodies, including Alexa Fluor-labeled,
monoclonal neuronal class 111 B-Tubulin (TUJ1) (Covance; 1:500, in PBS containing 0.01% Triton
X-100 and 1% BSA) and mouse monoclonal, Cy3-labeled, anti-glial fibrillary acidic protein
antibody (GFAP-Cy3, 1:500, in PBS containing 0.01% Triton X-100 and 1% BSA, Sigma-Aldrich),
at 4 °C for 16 hours to label neurons and glial cells, respectively. If necessary, cells are then treated

with DAPI (4',6-Diamidino-2-Phenylindole) nuclear stain (Invitrogen; 1:1000, in PBS) at RT for 2
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min, as a counterstain. After incubation, labeled cells are rinsed with PBS twice prior to fluorescent
visualization with an Olympus 1X51 inverted microscope or a Nikon ECLIPSE E800 upright
microscope. See Appendix V: Immunocytochemistry (ICC) Neuron/Glial Staining Protocol for

detailed ICC operation procedure.

3.1.4 Neuronal Recruiting with Single-Cell Resolution

We have implemented active recruiting of hippocampal neurons with positive DEP according to
the protocol described above. Following attachment to the MEA chip, neurons attracted to
electrodes by pDEP are characterized by immunocytochemistry (ICC), as described in previous
section. Labeled cells, anchored on top of electrodes are visualized using an upright fluorescence

microscope Nikon ECLIPSE E800.

As shown in Fig. 3.2, the white circles indicate the SU-8 microchambers above 16 electrode sites,
which in this case have diameters of 20 um. It can be seen that all the electrodes are occupied,
exclusively, by neurons (green), nine of which have single neurons anchored, four electrode sites
are occupied by 2 neurons and the other three electrode sites have 3 neurons positioned. The
coexistence of three glial cells is indicated by red circles. This exclusive attraction of neurons
instead of glial cells will be discussed in detail in Chapter 4: Separation of Hippocampal Neurons
from Glial Cells. For each of the chamber designs (20 um, 30 um, and 50 um), neuronal recruiting
experiments are repeated four times, and the best single-cell recruiting ratio we achieved is 57%
for 20 um chambers. This result verified that, with the implementation of pDEP at a frequency of
10 MHz, in cell-trapping solution contained 30% cell culture media, the DEP MEA system

described here is capable of actively recruiting hippocampal neurons to the electrodes.

Furthermore, twelve hours after neuronal recruiting, live/dead stain shows that more than 96%
(962%, n = 7) of the cells are live, as will be discussed in the following section, which indicates

that hippocampal neurons are highly viable following the application of pDEP. Importantly, as also
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shown in the following sections, the patterned neurons are active and functional, as we have

successfully recorded both spontaneous and stimulated signals from neurons.

Figure 3.2 Immunofluorescence micrograph of hippocampal neurons (green) trapped by pDEP on
electrodes and glial cells (red) anchored off electrodes. DEP electric signal applied: 10 MHz, 6Vpp.
Cell-trapping medium contains 30% neuron culture media.

3.2 Hippocampal Neuronal Viability after DEP Positioning

Two factors influence the viability of neurons during the application of pDEP: 1) the DEP cell-
trapping solution, because its low conductivity, which is desirable for trapping (pDEP is not
possible in high conductivity, standard culture media), is not optimal for cell survival, and 2)
electric field. The viability of a few types of neural cells, such as neural cortical cells and neural
stem/progenitor cells (NSPCs), in DEP manipulation was investigated previously [24, 39], and high

cell viability was achieved for short-term (1 min or less) DEP exposure. Here, we systematically
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evaluate the long-term (up to 12 hours) viability of embryonic mouse hippocampal neurons after

being actively positioned on the electrodes of our DEP MEA using dielectrophoresis.

3.2.1 Hippocampal Viability in Sucrose

In order for pDEP to take effect, the polarization of neurons should be stronger than that of
surrounding media [28], which requires a low-conductivity environment. As a commonly used,
low-conductivity buffer medium, sucrose solution is often used as the primary component of a
pDEP trapping solution [39-41]. In our experiments, a 30% cell media DEP suspension medium,
which is a mixture of seven parts of 10% sucrose(w/v in deionized water) and three parts of primary
neuron culture media, NbActivl (BrainBits, LLC.), is used for neuronal pDEP recruiting on MEA.
This sucrose/cell media mixture, with a measured conductivity of 0.331 S/m, has low conductivity

and appropriate physiological osmolarity for neurons to survive during pDEP trapping [30].

While cell culture media does not compromise the health of neurons, the viability of embryonic
mouse hippocampal neurons, in a more sever situation, 10% sucrose (only), which is the major
component of the cell-trapping solution, is investigated. Dissociated hippocampal cells are
resuspended in three sterile 15 mL centrifuge tubes, each containing 5 mL 10% sucrose (w/v in
deionized water), and in another centrifuge tube of 5 mL cell media NbActiv1 as a control group.
The three sucrose samples are placed at room temperature (RT) for 30, 60 and 90 min respectively,
and the control tube is placed at RT for 90 min, as can be seen in Fig. 3.3. After each associated
time period, 5 mL of phosphate buffered saline (PBS) is added to each of the sucrose tubes, and the
samples are centrifuged at 200g for 5 min to harvest the cells. We find the dilution with PBS, above,
necessary for pelleting the cells, because otherwise cells remain suspended in the high-viscosity
sucrose solution, even after being centrifuged. The viability of harvested cells is assessed through
use of Live/Dead™ cell stain, (Invitrogen; Calcein, AM 2uM and Ethidium Homodimer, 1uM in

cell media NbActivl). After 15 min in dark at RT, the cell suspension is transferred to a 35 mm
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petri dish using a micropipette, and five live/dead fluorescent micrographs are taken at random
positions, for each sample, including the control group. Percent cell viability is calculated based on

the average of five images. Typically, 30-40 cells are counted on each of the image.
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Figure 3.3 Experimental process for the study of the hippocampal viability in sucrose. Bottom left
is a sample live/dead fluorescent micrograph of hippocampal cells after the sucrose treatment,

scale bar is 100 zm.

The main objective of our study is to evaluate the effect of the cell-trapping solution on the viability
of embryonic mouse hippocampal cells. As shown in Fig. 3.4, all three sucrose treatment samples
have acceptable hippocampal viability compared to the control group (cell media); the parameter
that should be kept in mind is that the entire pDEP trapping process normally lasts for less than 30
min, thus, that is the duration of exposure to cell trapping solution that has relevance for most of
the experimental setups. The viability decreases slightly from 8842% to 7843%, as time in sucrose
increases (up to 90 min), but the detrimental effect on cell survival is limited, confirming the
feasibility of using 10% sucrose as the major component of the cell-trapping solution. In Fig. 3.4,

the error bars represent the standard deviations of data from five randomly-taken images.
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--Hippocampal Viability
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Figure 3.4 Hippocampal viability assessment after sucrose treatments for various periods of time.

3.2.2 Effect of MEA Electric Field on Hippocampal Viability

Another facet of the viability study is the investigation of the induced cell membrane potential
resulting from non-uniform DEP electric field, which, if it exceeds certain threshold value, could
compromise neuronal health; this threshold value is known as the breakdown potential [39, 42].
Membrane breakdown, or electroporation, is the process where a biological cell membrane is turned
into a high-conductivity state because of a membrane potential induced by an external electric field
[42]. This process comes with the creation of pores on the membrane. When induced membrane
potential exceeds the threshold level, expansion of membrane pores or creation of more pores leads
to membrane breakdown, which can be a fatal effect while trying to attract hippocampal neurons

to electrodes using pDEP.

According to [43], in an AC electric field E, the generated membrane potential is given by:
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with E the static electric field, r the cell radius, a the angle between the electric field line and a
vector from the cell center to an associated point on the membrane, f the electric field frequency,
and 7 the time constant of cell membrane expressed as [42]:

1
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where C,, is the effective cell membrane capacitance per unit area, and o, and o, are the

conductivities of cell interior (cytoplasm) and surrounding medium, respectively.

From equation (3.1), the induced membrane potential is frequency-dependent. Furthermore, the
maximum potential is at the membrane point facing an electrode (assuming the cell sitting on top
of a planar electrode), where the electric field line is parallel to the vector from cell center to the
membrane point, giving cosa=1 or cosa=-1, as depicted in Fig. 3.5. The manipulation of cells
using DEP requires a non-uniform global electric field, as mentioned earlier. However, if the local
electric field is assumed to be uniform and static (constant E), the induced membrane potential can
be calculated based on the protoplast (single-shell) model of a mammalian cell, as discussed in
section 2.1.2. In this model, the mammalian cell is represented by a homogeneous cell interior
(cytoplasm) with ohmic conductivity a., and a thin capacitive cell membrane layer with effective

capacitance C,,.

Figure 3.5 Sketch illustrates the calculation of induced cell membrane potential. Red arrows point
to the positions where maximum membrane potential is created.
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Detailed simulations are performed to ensure cell membrane integrity with the application of a 6
Vpp, 10 MHz AC signal. This signal is selected based on our studies on the DEP parameters that
secure the attraction of neurons, only, on the electrodes, as opposed to glial cells which are also
present in the cell medium [45]. In Fig. 2.4, electric field distribution is simulated on our DEP MEA
electrode structure. From this electrode finite element analysis modeling, 2-D electric field data on
four different planes of interest is extracted, as shown in Figure 3.6. These four planes are
representative surfaces where hippocampal neurons experience induced membrane potential during
pDEP anchoring. The first plane (Z1) is the surface of the silicon oxide passivation layer; the second
plane (Z2) is the level of the neuron’s center when the neuron lands on the silicon oxide layer; the
third plane (Z3) is the surface of the SU-8 layer; and the last plane (Z4) is at the level of the center
of the neuron when the neuron is positioned on top of the SU-8 layer. Z1 and Z2 are established
when the cell has been trapped on an electrode; Z3 and Z4 represent the cell floating on device
surface just before anchored to the electrode by DEP. The position and distance between each plane
are based on dimensions obtained from a fabricated DEP MEA and from the measured radii of

hippocampal neurons (r= 4 um).

Figure 3.6 Four planes (Z1-Z4) where electric field data is extracted and induced neuron
membrane potential is calculated.

As mentioned earlier (Fig. 2.4), the simulated maximum electric field is above the electrode, which
is also the center point of each 2-D plane extracted. Using this electric field maxima and related
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hippocampal neuronal dielectric properties [31-34], the frequency dependence of maximum
(cosa=1) induced membrane potential V;,, on four planes is calculated in MATLAB (MathWorks,
Inc.). In Fig. 3.7, two graphs indicate the situation where the voltages of 3 V and 4 V are applied

to the electrode, respectively.
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Figure 3.7 Calculated hippocampal membrane potentials induced by external electric field when
(@) 3V and (b) 4 V is applied on the electrode. Two close-up views for potentials on Z1 at 10 MHz
are provided, compared with the 0.4 V threshold.

As can be seen in Fig. 3.7, the induced membrane potential is greater on lower planes (greater
electric field strength); nevertheless, the potential on each plane decreases as frequency increases.
With different electrode configurations and DEP conditions, Huang et al. and LalLonde et al.
reported similar results [39, 45]. It was reported that an induced membrane potential below 0.4 V
can probably guarantee the survival of cortical neurons, and larger membrane potentials can be
tolerated by cortical cells at higher frequencies [24, 42]. Assuming 0.4 V is also the membrane
breakdown threshold for hippocampal neurons, the membrane potentials are all below this level at
10 MHz when 3 V is applied, as indicated by the close-up view in Fig. 3.7(a). However, the
potential is still above 0.4 V on plane Z1 if 4 V is applied at 10 MHz, which could lead to cell death
when the neuron is anchored on top of the electrode. For this reason, 6 Vpp (-3 V to 3 V), 10 MHz

AC signal is used for hippocampal neuronal recruiting on the MEA.
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It should be mentioned, however, that this membrane potential is not the only factor impacting the
viability of hippocampal neurons. For instance, some neurons may have already died during the
tissue dissociation process, even before they are exposed to the electric field [24]. Therefore,
approaches to simultaneously track the change of neuronal membrane potential and verify the
membrane breakdown-associated cell death are in need, as such necrosis directly relates to external

electric field during pDEP implementation.

3.2.3 Hippocampal Viability Verification

The next step in our work is to experimentally verify the viability of the neurons that are attracted
to MEA electrodes and positioned there by pDEP. We used the DEP AC signal of 6 Vpp and 10
MHz, and implemented live/dead staining process to determine whether neurons survived the
recruiting procedure. The viability of hippocampal neurons is verified using the same Live/Dead™
cell stain, as described above. Primary neuron culture media NbActivl, which is the media neurons
incubated in after the DEP positioning, is replaced carefully by the live/dead stain with a
micropipette. The sample is placed in dark at RT for 15 min, and visualized immediately with a

Nikon ECLIPSE E800 upright fluorescent microscope.

Live/dead staining, which requires media change and manual manipulation, is not possible
immediately following the application of pDEP, because newly placed cells are easily displaced.
Therefore, staining is performed 12 hours post-pDEP, for neurons to better attach on the electrode.
As can be seen in Fig. 3.8, after 12 hours in vitro, pDEP positioned hippocampal neurons on MEA
have better than 96% (9642%, n = 7) viability, verifying the integrity of the cell membrane and that

neurons stay alive in the cell-trapping solution during pDEP positioning.

49



Electrode 11
-

Figure 3.8 Live (green)/dead (red circle-indicated) stain of hippocampal neurons positioned on
MEA at 12 h in vitro. Viability better than 96% is achieved.

At the same time (12 hours in vitro), spontaneous neuronal potential is successfully detected from
neurons anchored on the MEA. In Fig. 3.9, a spontaneous neuronal extracellular potential spike is
recorded from electrode 11, as indicated in Fig. 3.8; the spontaneous neuronal spike has an
amplitude around 100 uV, which is a reasonable value according to [46]. With the recording of
spontaneous neuronal potential, the electrically active properties of pDEP positioned neurons on

the MEA is further verified.
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Figure 3.9 A spontaneous neuronal spike recorded from electrode 11 in Fig. 3.8, verifying the
electrically active properties of pDEP positioned neurons.

Dielectrophoresis is used, with increasing frequency, in combination with microdevices, to
manipulate biological cells. However, it is important to understand the impact the implementation
of DEP may have on the viability of cells. Here, we have investigated the viability of mouse
hippocampal neurons positioned on the electrodes of microfabricated multi-electrode arrays after
the implementation of pDEP. We show that neurons maintain high viability after short-term
exposure to cell-trapping solution, which contains, primarily, 10% sucrose. With electric signal of
appropriate frequency and amplitude (such as 6Vpp and 10MHz), neuron membrane breakdown is
prevented during the DEP process. Most importantly, we have obtained electrical signals from the
neurons positioned on the MEA, 12 hours after using positive dielectrophoresis, further confirming

the health and electrically active properties of neurons.

3.3 SU-8 Microstructure for Hippocampal Neuronal Patterning

3.3.1 Neuronal Patterning on SU-8 Microstructures
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We designed microstructures formed of photosensitive epoxy SU-8 to mechanically confine the
growth of hippocampal neurites after pDEP anchoring, as well as to confine the neuron cell body
(soma). A variety of dimensions, such as the microchamber diameter and the microtrench width,
are explored in order to determine the optimal values for one-to-one neuron to electrode
correspondence and precise hippocampal neuronal patterning. To verify the neuronal patterning
efficacy of the SU-8 microstructures, dissociated hippocampal neurons are cultured directly on
DEP MEA chips, without pDEP. DEP MEA chips are sterilized by immersion in ethanol overnight
and rinsed with sterilized DI water. Cell suspensions from the dissociation process, above (section
3.1.1), are plated at 1.6 x 10*cells/cm? on DEP MEA chips in NbActiv1 neuron culture media, and
maintained in a humidified incubator at 37 °C with 5% CO.. At 5 div, mechanical confinement and
survival of the neurons is characterized by immunocytochemistry (ICC), as described in section

3.1.3.

Jaber et al. designed and fabricated similar electrode structures to position individual neurons on
electrodes [20]. Although single-cell positioning was achieved, the outgrowth of neurites was not
observed, nor the formation of neuronal networks, even from neurons directly plated on poly-d-
lysine (PDL) coated devices, therefore not exposed to dielectrophoresis. Compared to their device
structure, we use much thinner SU-8 microstructure layer (8 wm, compared to 38 um). This thin
layer of SU-8 microstructures on our device, has proved suitable and effective for hippocampal

neuronal patterning and establishment of neurite-connected networks.

As can be seen in Fig. 3.10, a well-defined hippocampal neuronal network is patterned based on
predefined SU-8 microstructures. This particular MEA chip has SU-8 microchambers with the
diameter of 50 um and seven-um-wide microtrenches. We find that multiple neurons attached
inside one microchamber, as indicated by blue DAPI stain, and neuron cell soma also anchored on
microtrenches; ideally, however, only one neuron is expected to be anchored inside each

microchamber with pDEP so that a neuronal network with single-cell resolution can be generated.
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Therefore, microstructure designs with smaller features (e.g. 5 um trenches and 20 um chambers)
are tested to ensure that microtrenches are sufficiently narrow to prevent neuronal bodies from
anchoring, and to allow only single neurons to occupy each chamber. However, from the current
design combinations, the structures in Fig. 3.10 (50 um chamber, 7 um trench) are still found to

yield the most reliable neuronal networks.
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Figure 3.10 Fluorescent micrographs ((a): 10X, (b): 20X) of patterned hippocampal neurons
(green) and cell nucleus (blue) at Div.5. Scalar bar is 100 zm.

MEA devices consisting seven-um-trenches and smaller chambers (not available in current
devices), are also being designed and fabricated for future single-neuron patterning work, as
described in section 2.3.2 Design Revision 2. Indeed, microchannels with 10 um width have been
successfully used to guide neuronal axon growth [47, 48]. In our previous work, it was determined
that the 30 um microchamber diameter and 7 um microtrench width were the optimal dimensions
to pattern GT1-7 mouse hypothalamic neurons with single-cell resolution [37], which indicates that
different types of neurons have different requirements for structural confinement. Another aspect
observed, during neuronal culture experiments, is that even as a thin layer, SU-8 has poor

cytocompatibility, as will be discussed in the following section.
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3.3.2 Hippocampal Neuronal Viability on SU-8

Patterning hippocampal neuronal networks requires a cell-friendly microenvironment for optimal
survival of primary neurons on the MEA. We have cultured the immortalized mouse hypothalamic
neurons, GT1-7, and hippocampal, HT22, cell lines on our DEP MEA. SU-8 is shown to be
cytocompatible for both cell lines, which verifies that SU-8 is biocompatible for cell culture.
However, in the current study, it is found that the survival of primary, embryonic mouse
hippocampal neurons (which are primary focus of our research, because of their role in the
processes of thought and memory) on SU-8 is not as good. Other researchers have also reported
poor (< 10%) viability of primary neurons when they are cultured close to or on top of untreated
thick SU-8 2000 because of toxicity and poor adhesion [49]. Based on our own work, as well as
prior research, it seems that the primary hippocampal neurons are more sensitive to SU-8
environment than immortalized cell lines. Various pretreatment and detoxification approaches have
been investigated to improve the biocompatibility of SU-8 or SU-8 2000 for primary neuron culture,
particularly. It was found that heat treatment, sonication and parylene coating could improve the
viability of primary neurons, and oxygen plasma treatment rendered SU-8 surface more hydrophilic,

which helped neurons to attach on SU-8 surface [49, 50].

Ultimately, hippocampal neurons are to be anchored in microchambers and extend neuritic
processes along microtrenches. The floor of the microstructures is silicon oxide, which has shown
to be biocompatible for primary neuron culture [7, 21]; but the cell bodies are still confined within
the walls built of SU-8, and may have close contact with it. In this work, we use SU-8 3000, an
improved formulation of SU-8/SU-8 2000, which utilizes the same solvent like SU-8,
cyclopentenone, at approximately the same proportion. Additionally, SU-8 3000 is a permanent
structural material on our DEP MEA and as noted, is relatively thin (8 wm) compared to typical
(20-100 pm) SU-8 microstructure processing [20, 51]. Finally, we have executed various
pretreatments to improve the cytocompatibility of cured thin SU-8 layer, as described below.
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Various pretreatments on DEP MEA chips are performed to evaluate their efficacy in improving
the cytocompatibility of SU-8 for primary hippocampal neurons. Prior to all pretreatments, DEP
MEA chips are immersed in ethanol overnight and rinsed with sterilized DI water. As can be seen
in Table 3.1, hard bake (H), sonication (S) and UV exposure (UV) are some of the selected methods
applied trying to diminish neurotoxic leachants. The investigation of these specific methods is
inspired by the work of Vernekar et al. (2009) [49], who applied them to detoxify thick (100 um)
uncured SU-8 layer. We have decided to slightly modify the pretreatments tested by Vernekar et
al. [49], and use them here for the thin (8 um) cured SU-8 layer on DEP MEA chips. One method
we have added to this list is SAM coating (3-trimethoxysilylpropyl-diethylenetriamine DETA),
which is typically used to improve the hydrophilic property of substrate for better cell adhesion
[52]. Another method we consider here is hydroxylation (HY), which renders SU-8 hydrophilic by
opening epoxy rings and providing hydroxyl groups [50]. Finally, piranha-cleaned (70% H2SO4
and 30% H,O>) cover slides (control) and reused MEA chips, which have been used for neuronal

culture before, are tested for comparison. MEA chips are rinsed by sterilized DI water after each

pretreatment.
Table 3.1 SU-8 pretreatment methods.

Method Abbreviation  Process

Hard bake H Hard bake in a 120 °C convection oven for 3 hours.

Sonication S Sonication in IPA for 15 min.

UV exposure uv UV light exposure in biological fume hood for 24 hours.

SAM coating DETA Hydrophilic 3-trimethoxysilyl propyldiethylenetriamine
(DETA) self-assembled layer (SAM) coating: immersion in
0.3% (w/w) DETA (Gelest Inc.) in methanol for 1 hour
[52].

Hydroxylation HY Hydroxylation in 95% sulfuric acid at RT for 10 s, modified

from the method of Tao et al. (2008) [50].

Dissociated mouse hippocampal neurons are plated directly on untreated and pretreated MEA chips,
as well as control slides and reused chips, at 6.0x10* cells/mL in cell media NbActivl. At 7 days
in vitro (div), cell viability is assessed through the use of Live/Dead™ cell stain, (Invitrogen;
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Calcein, AM 2uM and Ethdium Homodimer, 1uM in cell media NbActivl). After 15 min in dark
at RT, five live/dead fluorescent images are taken for each MEA sample. One of the images is
focused on the central electrode array area, and the other four show the situation at the surrounding
areas of the chip. Three independent experiments are performed, in each experiment, two samples
are prepared for each treatment, including the control group. We use both % cell viability and live
cell density for evaluation, of which the % viability is the ratio between live cells and total cells
(live + dead), and the live cell density (cells/fmm?) represents the live cells per unit area on each

micrograph.

The effects of the pretreatments on cell viability and live cell number are shown in Fig. 3.11 (six
samples total for each pretreatment). As can be seen in Fig. 3.11(a) and (b), electrode array area
data is extracted from one micrograph for each sample, and the data of the surrounding area on the
chip (area framing the 4 x 4 electrode array) is the average of four micrographs for each sample.
For the control slide, which has no electrode, surrounding area data is the average of four

micrographs randomly taken across the surface of each sample.
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Figure 3.11 Hippocampal neuron viability assessment on different pretreated MEA. (a) % cell
viability, (b) live cell density (cells/fmm?) after 7 div, (c) live/dead micrograph showing electrode
array area of MEA that has been UV exposed for 24 hours, (d) electrode array area of HY treated
MEA, and (e) control slide. (Live: green, dead: red)

In Fig. 3.11(a), we find that untreated, sonicated (S) and UV-irradiated (UV) samples have few live
cells in the electrode array area, but they maintain a viability of approximately 60% in the
surrounding area. All the other samples have >60% viability, except the surrounding area of the
hard baked sample (H), which is also very close to 60%. The live cell density in Fig. 3.11(b),
however, gives us more information regarding the ability of neurons to attach and grow. Compared
with the initial seeding density, after 7 div, there are significant cell losses on most of the pretreated
samples, except the hydroxylated sample (HY), which has a comparable live cell density in the
electrode array area with the control slide. H and DETA treated samples also have improved neuron
viability and live cell density in the electrode array area when compared to the untreated MEA, but
less live cells attached than on the control slide. Cell loss could result from poor, initial adhesion

and/or from medium change during the staining process.

At the same time, SU-8 microstructures in the electrode array area may also help anchor neurons,

explaining the higher live cell density in this area than surrounding areas on some samples in Fig.
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3.11(b). The reused MEA chip shows the best live cell density on both electrode array and

surrounding area, indicating that neurotoxin may have already leached out during a previous culture.

It is concluded that pretreatments of UV exposure (UV) or sonication (S) do not improve the
biocompatibility of cured thin SU-8 layer for primary neurons. In fact, UV exposure was shown to
be detrimental and can possibly increase the amount of toxic leachants when it was previously
applied on thick, uncured SU-8 layers [49]. In contrast, DETA SAM coating (DETA) and hard
bake (H) do improve the cytocompatibility of SU-8 compared to untreated samples. It is observed
that the adhesion ability of neurons is decreased on most of the pretreated surfaces (including
untreated), compared to that observed on the control slide. However, we find that the sulfuric acid
hydroxylation (HY) is the most effective pretreatment in improving SU-8 cytocompatibility,

because it results in adhesion and neuron survival close to the levels observed for the control slide.

Another discovery is that the chips can be successfully reused, as long as they can be cleaned
properly with ethanol (overnight) and sterilized DI water. The main problem with reusing is that
sometimes it is not possible to remove all the cell debris from prior experiments; however, if they
can be successfully cleaned, they can be used with confidence. For the new, unused MEAs, sulfuric
acid hydroxylation is the best pretreatment. However, hydroxylation cannot be applied on the

already packaged devices because of its effect on packaging materials.

3.4 Neuronal Recording and Stimulation

With a precisely patterned neuronal network cultured on a packaged DEP MEA (HY pretreated),
spontaneous and stimulated extracellular potentials from neurons on specific electrodes are
successfully recorded using the described signal processing system below, as is the propagation of
evoked neuronal spikes. Hippocampal neurons were cultured directly in the PDMS chamber on top

of the MEA (see Fig. 2.15(b)), and the patterned neuronal network was imaged with an inverted
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microscope at 5 div. As can be seen in Fig. 3.12(a), the last row of four electrodes is occupied by
neurons that are connected by well-defined neurites in SU-8 microtrenches (arrows). To better
elaborate this phase contrast micrograph, a symbolic figure showing all the electrode sites with
neuronal connections is depicted in Fig. 3.12(b). The number in each circle (electrode) is the
associated channel number for signal recording, and the lines between electrodes are the patterned
neurites, based on the observation from Fig. 3.12(a). There are non-terminated lines exiting

electrodes (such as 3 and 5), representing the partial neuronal processes recognized.
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Figure 3.12 Neuronal patterning. (a) Phase contrast micrograph of patterned hippocampal
neuronal network on a packaged DEP MEA (HY pretreated). (b) A symbolic depiction of the
electrodes with neuronal connections. Mirochamber diameter: 50 zm, microtrench width: 7 gm.

The amplitude of neuronal extracellular potential has been shown to be within the range of 100 uV
to 200 uV [53-55]. Frequency analysis of neuronal action potentials has revealed a power spectrum,
primarily between 50-100 Hz and 2 KHz [55-57]. During signal recording, the packaged MEA
device is fixed on a signal-processing PCB where the microvolt-level extracellular potential is
filtered and magnified (Fig. 3.13). The band-pass filter, based on precision low-noise amplifiers
ADG624 (Analog Devices, Inc.) and low-noise, high-speed operational amplifier LT1007 (Linear

Technology), has 3dB points at 12.3 Hz and 10.9 KHz, as well as a gain of 5000.

Moreover, the band-pass filter is designed to have 99% points at 76 Hz and 2.1 KHz, where the
signal amplitude is 99% of its peak value in the band-pass Bode plot. While keeping the total
amplifier noise less than 1.0 uV within a 2.0 KHz bandwidth, this design helps filter the neuronal
potential more precisely based on the neuronal potential power spectrum described above. Filtered

signals are fed into a data-acquisition (DAQ) card (NI USB-6211, National Instruments) for
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recording, which is in turn controlled by a LabView Interface. On the other hand, stimulation pulses
can be generated by the DAQ card, then transmitted to specific electrode of the MEA through
analog multiplexers CD4051 (Texas Instruments). A switching time between stimulation and
recording of less than 2 ms has proved to be suitable for detecting stimulated hippocampal neuronal
signals while keeping stimulation artifact from being recorded [58]. Therefore, the switching time
is set to be 2 ms in the LabView system, and low on-resistance, fast analog switch DG441 (Intersil
Americas LLC) is used to realize this switch in the circuit. See Chapter 5: Supporting Electronics

and LabView Control Interface for detailed discussion for the electronic circuit system design.

LabView ¢——

DEP MEA

Figure 3.13 Neuronal signal recording and stimulation setup, including a signal processing PCB,
NI DAQ, and LabView control program.

Spontaneous neuronal spikes were recorded from specified electrodes on multiple devices (n = 6)

(Fig. 3.14), with an amplitude between 50 uV and 200 pV. Furthermore, based on the patterned
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neuronal network, stimulated neuronal activities and their propagation between neurons anchoring
on neighboring electrodes were recorded and analyzed (Fig. 3.15, 3.16). According to Wagenaar et
al. [59], positive-then-negative voltage pulses are more effective than other pulse shapes for
neuronal stimulation. In our experiments, various positive + negative biphasic pulses with an
amplitude between 100 mV and 1V, and a pulse duration between 100 ps and 1 ms were applied.
The stimuli, with which repeatable responses (> three times) were recorded, had an amplitude of 1

V and a pulse duration of 0.1 ms (100 ps).
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Figure 3.14 A spontaneous neuronal potential spike recorded from channel 9 in Fig. 3.12.
Fig. 3.15 represents the signals recorded from channel 9 and channel 11 of the MEA with cultured
neurons depicted in Fig. 3.12. Each recording period is 0.2 s, including stimulated potential from
channel 9, 2 ms after the biphasic pulse stimulation described above; and the signal from channel
11, also 2 ms after a same stimulation on channel 9. Spontaneous and evoked responses from
channel 9 and 11 are summaried and analyzed in Fig. 3.16. The average delay (first peak of average
evoked responses) of evoked responses from channel 9 is about 60 ms, and the average delay of
evoked responses from channel 11 is about 80 ms, as can be seen in Fig. 3.16(b). In fact, all the

stimulated activities we recorded have a delay between 10 ms and 100 ms, which is a reasonable
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range according to similar data published [20, 59, 60]. It is noticed in Fig. 3.15, that each of the
signal bursts from channel 11 appeared to be following one from channel 9, and the time lag
between two respected bursts is 10-20 ms, which is consistant with the difference of response
delays from two channels, as described above. Similar stimulated bursts and their propagation were
also recorded between channel 13, 14 and 16. Pan et al. [47] presented same-order burst
propogation delays from different electrodes that were 200 um apart. With longer distances (400-
800 um) between connecting neurons or neuron clusters, Berdondini et al. [61] and Merz and
Fromherz [60] reported neuronal signal propagation time of approximately 100 ms. These reported
signal transmission speeds are similar to the value we measured, here. However, it should be noted
that the propagation velocity of stimulated bursts between neurons is normally much slower than
the velocity of action potential propgation along axons [62], which is of the order of 0.5 m/s [7, 47,
63]. Several variances such as neuronal population density, connection nature, and synaptic delays

could affect the burst propagation speed here [47, 62].
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Figure 3.15 Evoked neurnonal spikes from channel 9 (top) and propagated signal from channel 11
(bottom) in Fig. 3.12; both were recorded 2ms after stimulation.
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Figure 3.16 Spontaneous and evoked responses from channel 9 and 11. (a) Rasters and Post-
Stimulus Time Histogram (PSTH) of spontaneous responsees from neurons on channel 9 (left) and
11 (right). Responses from 10 trials/measurements were averaged using a time bin of 10 ms. (b)
Evoked responses from neurons on channel 9 (left) and 11 (right). The rasters and PSTH are
aligned 2 ms after the stimulus on channel 9. Responses were also averaged using a time bin of 10
ms. Approximate delay of revoked responses (first peak on PSTH) is 60 ms and 80 ms for channel
9 and 11, respectively.

It should be mentioned that neuronal potentials were also recorded 12 hours after DEP recruiting,
as disscussed in section 3.2.3, thereby confirming the survival and electrical activity of the neurons
post-DEP. This result confirms experiments by Jaber at al. [20], who reported signals 24 hours after
the DEP was done. In our work, we have successfully patterned hippocampal neurons with DEP
and established neuronal networks by directly plating them on the device, which is an improvement
compared to prior body of work [20]. It appears that DEP positioning process compromises neurons’
ability to extend processes. However, DEP manipulation with high AC frequency and low
amplitude has been reported to be harmless to neuronal health [24, 38], as discussed in section 3.2.2.

Current work involves investigations to promote neuronal growth.

With this recording of propagated neuronal activity between neighboring electrodes, we verified
the capability of this DEP MEA system to support geometrically-dependent studies of precisely-
patterned, functioning neuronal networks. Neuronal recording involving more complicated signal

propagation is included in future research plan.

In this chapter, we have verified the functions of our MEA system by actively anchoring mouse
hippocampal neurons on top of electrodes of packaged DEP MEA, with single-cell resolution. The
hippocampal viability, after the DEP process, is investigated. Neurons maintain high viability after
short-term (30 min to 90 min) exposure to cell-trapping solution (10% sucrose). With appropriate
frequency and amplitude of the electric signal, the integrity of the neuronal membrane and viability
can be ensured. The precise patterning of neuronal networks based on predefined SU-8

microstructures is achieved. We have investigated hippocampal viability on SU-8 in the presence
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of selected pretreatments of the SU-8 layer, and have identified sulfuric acid hydroxylation as the
most effective pretreatment method to improve the cytocompatibility of cured thin layer of SU-8
on the DEP MEA for primary neuron culture. Finally, spontaneous and stimulated potentials are
successfully recorded, and the time interval of neuronal signal propagation between neighboring
electrodes is measured, from well-defined, functioning neural networks using this new MEA
system. More experimental results on pDEP cell trapping and microstructure cell patterning can be
found in Appendix VII: Preliminary pDEP Cell Trapping Experiments and Microstructure Cell

Patterning Study.
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Chapter 4: Separation of Hippocampal Neurons from Glial Cells

In the process of achieving one-to-one neuron-to-electrode correspondence on the DEP MEA, one
considerable challenge to be addressed is the separation of a defined cell type from a complex cell
mixture, to populate the electrode area with the desired cell type. This is particularly difficult when
using primary cell cultures, such as dissociated hippocampal cell cultures. Namely, when neurons
are extracted from the brain tissue (hippocampus), it is unavoidable that the initial cell culture

contains glial cells, as well.

Over the past decades, various cell sorting or separation techniques have been investigated. For
instance, flow cytometry methods, based on fluorescence-activated cell sorting (FACS) [64-66], or
magnetic-activated cell sorting (MACS) [67, 68], have been widely used to isolate subpopulations
from complex biological cell mixtures. These techniques normally require the labeling of cells with
either fluorescent or magnetic markers, which recognize target features on or inside the cells. In
addition, a bulk separation method of hippocampal neurons and glial cells has been reported, using
ultra-centrifugations with a discontinuous density gradient of Ficoll [69], a hydrophilic
polysaccharide. One of the observed limitations of this technique is the morphological damage to
separated cells, such as processes being torn-off from neuron bodies. Dielectrophoresis (DEP) has
also been applied to separate particles and biological cells [70-72]. For instance, polystyrene and
latex beads [72], rat embryonic cortical neurons and human liver cells and endothelial cells were
all successfully manipulated by DEP with planar electrode arrays [36, 71]. However, instead of
individual cells, a large volume of cell populations are usually manipulated. DEP separation of
neurons and glial cells in a mixed co-culture [55], as well as the isolation of neuron progenies and

neural stem cells have been reported [73].

In this chapter, we describe the separation of embryonic mouse hippocampal neurons from glial

cells using a positive dielectrophoresis (DEP) process. Here, we have implemented a cell trapping-
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favorable, cell suspension solution with low conductivity - 30% cell media cell-trapping solution,
as described in previous chapters. It enables positive dielectrophoresis for hippocampal neurons
(thereby attracting them to the electrodes), while resulting in negative dielectrophoresis for glial
cells (repelling them from the electrodes). We have systematically performed a mathematical
simulation and analysis to anticipate the DEP frequency at which hippocampal neurons and glial
cells are separated. Simulated DEP crossover frequencies have been experimentally verified, based
on which new, refined neuron and glial dielectric and physical properties are suggested that better
reflect the experimental results obtained. DEP movements of neurons and glial cells in targeted
separation media are experimentally analyzed, under the specified electric signal. Additionally, we
have confirmed our modeling results by selectively trapping neurons over electrodes on the DEP
MEA, resulting in active recruitment of neurons over the stimulation and recording sites. This
technique is a valuable addition to the toolbox for creating more functional and versatile multi-

electrode arrays.

This part of work builds upon the previously published work in the following fashions: first, instead
of large cell populations, we describe how to separate individual neurons from glial cells in a mixed
suspension state, and further place neurons on pre-determined locations for neuronal patterning,
using positive dielectrophoresis. Then, we should mention that whereas previously published
papers addressing separating neurons and glial cells focused on postnatal rat neurons from cerebral
cortical regions and hippocampi, or mouse fetal-derived cerebellar neural stem cells [20, 55, 73],
we have focused our work on embryonic mouse hippocampal neurons. Additionally, we have
provided, here, a systematic approach to anticipate the region of frequencies for which it is possible
to separate neurons from glial cells successfully, rather than using just an experimental “trial-and-
error” approach. Furthermore, based on DEP crossover frequency measurement and simulation, we
have presented an approach to extract more accurate dielectric properties of neurons and glial cells

than those previously available in literature.
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4.1 Modeling and Simulation

In section 2.1.3, the DEP spectrum of mouse hippocampal neurons have been simulated, in
suspension media consisting of 10% sucrose (w/v in deionized water): cell media at different ratios.
The suspension medium containing 30% cell media has been selected, and verified for active
neuronal recruiting on DEP MEA with an electric signal of 10 MHz (section 3.1), where the
maximum pDEP effect exist under this particular suspension medium situation, as can be seen in
Fig. 2.3. Another reason of choosing the frequency of 10 MHz is that based on the spectrum
simulation, hippocampal neurons and glial cells experience the greatest DEP effect difference at
this frequency, which provides a potential approach to separate hippocampal neurons and glial cells
during the neuronal DEP trapping process. See below discussion for details of this DEP effect

difference.

For certain applications, such as an MEA with neuron trapping capabilities, it is important to
consider how to separate hippocampal neurons from the glial cells that serve important supporting
roles for neuronal networks and which are always present in dissociated neural cultures,
immediately following the dissociation procedures [55, 74]. The ratio of glial cells to neurons in
the brain varies between animal species [75], and there are different findings about the glial to
neuron ratio in human and other primate brains [75]. However, it has been confirmed that
comparable amount of glial cells and neurons exist in human and mouse hippocampi [74, 76, 77].
In our specific application, the goal is to exclusively trap hippocampal neurons on electrodes.
Because of the methods implemented for hippocampal neuron dissociation from hippocampus
tissue (section 3.1.1 and Appendix IV: Mouse Hippocampal Neuron Dissociation and Culture
Protocol), glial cells, which have an indistinguishable morphological appearance in the suspension

state compared to hippocampal neurons, will also be dissociated.
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Here, we investigate the separation of these two cell subpopulations, based on their different
dielectric and physical properties, using positive dielectrophoresis. DEP spectra for glial cells are
also simulated in the same suspension media discussed earlier in Fig. 2.3. Dielectric and conductive
properties of glial cells have been researched (Table 4.1); but very limited information is available
in the literature. The properties used in Maple simulation are either from previous studies, such as
the glial effective membrane capacitance [32], or we have derived them from conductivity-related
glial cell and tissue information [78, 79]. We have assumed the cytoplasm permittivity of glial cells
to be the same as neurons. Dielectric and conductive properties of different suspension medium are
listed in Table 4.2, these properties are also used in simulations in section 2.1.3. Again, medium
conductivities are measured by the EC410 Conductivity/TDS/Salinity Kit (EXTECH Instruments,
Inc.), and medium permittivity are obtained from the literature [35, 36]. Our modeling has shown
that, instead of pDEP, glial cells will experience nDEP throughout the applied frequency range
when DEP suspension media has 10% or more neuron culture media (see Fig. 4.1). This means that
instead of being attracted to the electrodes, glial cells are expected to be repelled from electric field
maximum area (electrode). It can also be observed that in 30% cell media condition (Fig. 4.1, bold
line compared with the bold line in Fig. 2.3), hippocampal neurons and glial cells have the greatest
DEP effect difference at a frequency of approximately 10 MHz. This simulation result, therefore,
provides a potential method to effectively separate hippocampal neurons from glial cells in a mixed

suspension.

Table 4.1 Dielectric and physical properties for glial cells simulated in Fig. 4.1 below.

Cytoplasm Cytoplasm Cell radius  Membrane effective
permittivity  conductivity r (um) capacitance Cn
EER a. (S/m) (F/m?)
Glial Cells 802 0.1° 4 0.0106°

@ Assumed value;
® Derived from [78, 79];
°[32].
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Table 4.2 Dielectric and conductive properties for DEP suspension medium.

Cell media percentage (%) in mixture suspension
100% 50% 30% 20% 10% 1% 0.1% 0% (10%
(NbActivl) Sucrose)

Medium 1.104 0.525 0.331 0.212 0.110 0.011 0.001 1.5x10*
conductivity

O (SImM)

Medium 802 80° 76°
permittivity

Sm/SO

*[36];

b Assumed,;

°[35].

100% Cell Media 50% Cedl Media = 20%, Cel Media
20% Cell Media 10% Cel Media 1% Cell Media
— 0.1% Cell Media

0.3 -4

0.8+

044

Figure 4.1 DEP spectra simulations of glial cells in suspension media consisting of 10% sucrose
(w/v in deionized water): cell media at different ratios.
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4.2 Neuronal and Glial DEP Crossover Frequency Verification

4.2.1 Experimental Preparation

Mouse hippocampal cells (neurons and glial cells) are dissociated from embryonic day 18 (E18)
mouse hippocampus tissue (BrainBits, LLC.), as described in section 3.1.1 and Appendix IV:
Mouse Hippocampal Neuron Dissociation and Culture Protocol. The dissociated neuron/glial cell
mixture is resuspended in NbActivl media (BrainBits, LLC.). The DEP crossover frequency
verification, however, requires the isolation of hippocampal neuron and glial cell population,

respectively.

To enrich for neurons, the mixed cell suspension from the dissociation process, above, is plated at
1.0 x 10° /mL on a poly-d-lysine coated cover slide in NbActivl neuron culture media, and
incubated at 37 °C with 5% CO,. At 6 days in vitro (Div.), hippocampal neurons are harvested with
0.125% trypsin in Hibernate E-Ca (37 °C, 5 min), centrifuged at 200g for 5 min, and resuspended
in NbActivl media. This purified neuron suspension is used for neuronal crossover frequency

verification, as described in the following section.

For glial cell isolation, the cells are dissociated from hippocampus tissue by the same procedure
described, above, and the cell pellet is resuspended in astroglial media, NbASTRO (BrainBits,
LLC.). Cells are plated at 7500 cells /cm? on a poly-d-lysine coated tissue culture flask, and
incubated at 37 °C with 5% CO,. Astroglial cells are typically 90% confluent and ready to pass or
harvest after 10-14 days. When confluent, glial cells are harvested with the same procedure for
hippocampal neurons, described above, but resuspended in NDASTRO media instead of NbActivl

media. Harvested glial cells are used immediately for DEP crossover verification experiments.

We try to identify the crossover frequency, which is defined as a frequency where the real part of

Clausius-Mossotti factor is zero, and therefore a cell experiences no DEP effect. A quadruple
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electrode array has been fabricated by depositing 20 nm of Titanium (Ti) followed by 80 nm of
Platinum (Pt) based on a silicon substrate (Fig. 4.2), each electrode is connected to a metal pad (not
shown in Fig. 4.2). For DEP crossover frequency experiments, the quadruple electrode array is
attached on the bottom of a 35 mm petri dish with polydimethylsiloxane (PDMS) prepolymer,
which is fixed on the stage of a probe station PM5 (SUSS Micro Tec.), with probe tips connected
to metal pads on the chip to deliver DEP electrical signals (Fig. 4.3). AC sine-wave electric signals
(6 Vpp, 1 KHz - 20 MHz) and ground signals are applied, by a function generator (Agilent 33521A),
to every other metal pads, respectively, so that local electric field maxima is created at the edge of
electrodes, and electric field minima is located at the central area. Initially, cells are positioned
within the area indicated by the dashed square in Fig. 4.2. Cells will be attracted to the edge of

electrode under positive DEP, and pushed to the center with negative DEP.

Figure 4.2 Quadruple electrode array for cell crossover frequency measurement. Cells are initially
positioned in the area indicated by red dashed square.

Dielectrophoretic manipulation was performed in different mixed DEP suspension media after
hippocampal neurons or glial cells settled down on the chip surface. In different compositions of

suspension media, the movement of a single cell was observed at each frequency to measure the
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frequencies where the cell was trapped to the edge of electrodes (pDEP in action), and repelled to
the central area (NDEP in action). For each suspension media, the measurements were repeated on
five cells within a time window of ten minutes. During experiments, there is a frequency range
centered around the crossover frequency, where the DEP effect is too weak to observe because of
the small Clausius-Mossotti factor. The start and end of this frequency range (taking into account
the extremes of the frequency ranges measured on all five cells) are recorded as ‘Experimental Low’
and ‘Experimental High’ in Table 4.3, and the average of these two values is considered to be the
experimental crossover frequency. The measurements on five cells were performed within 10 min
(total) to minimize potential negative effect for the cell health from DEP suspension media and the

electric field.
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Figure 4.3 DEP crossover frequency verification experiments. (a) Experimental set up for DEP
crossover measurement on a probe station. A glass cover slide above the petri dish is used to
stabilize fluidic surface for better visualization under microscope. Scale bar is 30 mm. (b) A video
frame showing movement of a cell subjected to pDEP or nDEP effect. Scale bar is 100 zm. The
actual experiments were performed with an upright microscope (PSM-1000 microscope, Motic
Group CO., LTD.), so the movement of cells could be visualized when they were on the electrodes,
which were Pt non-transparent electrodes and therefore not suitable for viewing the motion on top
of them using inverted microscope.

4.2.2 Experimental Results and Discussion

With the experimental setup described above, we verified the crossover frequencies of hippocampal
neurons and glial cells, which had been simulated, as previously described and shown on Fig. 2.3
and 4.1. From the simulation data shown in Fig. 2.3, for neurons, the crossover between positive
and negative DEP occurs at different frequencies for different suspension media, except in the 100%
cell media solution, which does not have a crossover frequency. The experimental results are shown
in Table 4.3 and Fig. 4.4, providing experimental evidence for the crossover frequencies obtained

through Maple simulation and modeling (Fig. 2.3).

In 50% cell media solution, both the pDEP and nDEP effect are very weak around crossover
frequency, and it was not possible to measure the definite frequency range. However, in the cell
suspension medium containing lower ratio of cell media, comparing the simulated neuronal
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crossover frequencies to the measured data in Fig. 4.4, measurement data accurately reflect the

simulated crossover frequencies.

It is also noticed that notable discrepancies exist between experimentally measured and simulation
values, particularly in suspension medium with higher ratio of cell media. We think the main reason
for this discrepancy is that the neuronal dielectric properties used in the simulation are taken from
literature averages of data of neurons closely related to those we were using but not exactly identical,
rather than actual values. Additionally, crossover errors could also result from the difficulty of
identifying the crossover frequency ranges, in the situations where the DEP effect is weak. Actually,
when comparing the accuracy of experimentally identified crossover frequency results published
by Vahey and Voldman and Gagnon et al. [80, 81], we have very similar accuracy resolution at
comparable conductivity levels of the suspension medium. Most importantly, it is confirmed that
in 30% cell media solution, hippocampal neurons experience positive DEP at 10 MHz, which
provides the foundation for active neuronal recruiting.

Table 4.3 Simulated and experimental crossover frequencies for hippocampal neurons and glial
cells.

Cell Media Percentage (%) in Mixture Suspension

0.1% 1% 10% 20% 30%

Hippocampal Neurons

Theoretical Crossover (KHz) 8.7 77.3 7315 1466.7 2330.3

Experimental Low (KHz) 5 60 300 600 1500

Experimental High (KHz) 10 80 350 900 2000

Measured Crossover (KHz) 7.5 70 325 750 1750
Glial Cells

Theoretical Crossover (KHz) 6.6 56.6 N/A N/A N/A

Experimental Low (KHz) 2 20 150 400 2000

Experimental High (KHz) 5 40 250 600 N/A

Measured Crossover (KHz) 35 30 200 500 N/A
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Figure 4.4 Comparison of theoretical and experimental DEP crossover frequencies for
hippocampal neurons.

For glial cells, based on simulation results, crossover only happens in 0.1% and 1% cell media
solution (Fig. 4.1). However, experimentally, crossover frequencies also were detected in 10% and
20% cell media solutions (Table 4.3). As for the 30% cell media solution, confirmed nDEP effect
can be detected at electric signals up to 2 MHz, as recorded for ‘Experimental Low’ in 30% cell
media solution in Table 4.3, but no DEP effect can be observed with higher frequencies. This
measurement in 30% cell media solution indicates that DEP effect is very weak for glial cells at
frequencies higher than 2 MHz. The reason for that is the real part of Clausius-Mossotti factor is

very close to zero in that frequency range.

Despite the discrepancies between measurement and simulation in 10%, and 20% cell media
solutions, the measured crossover frequencies in 0.1% and 1% cell media solutions are very close
to simulated values (Table 4.3 and Fig. 4.5(a)). Again, we think the discrepancies could be
attributed to the limited amount of information available in the literature on the dielectric and
physical properties of glial cells, which is used as a base for our simulation work. Another possible

reason for observed crossover in 10% and 20% cell media solutions, is that, in addition to astroglial
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cells, other types of glial cells, such as microglial cells could also be present in our harvested glial
cell pellet [82]. Various types of glial cells could have different DEP behaviors because of their

distinctive dielectric or physical properties.

Furthermore, in most suspension medium, glial cells have lower crossover frequencies while
transitioning from nDEP to pDEP (Table 4.3), which suggests that glial cells experience positive
DEP at lower frequency than neurons. With different devices and suspension medium, Flanagan et
al. and Prasad et al. reported similar results in their work [55, 83], thereby providing additional
confirmation for our results. Their work, initially primarily of empirical nature, was substantially
enhanced by their recent research on the characterization and separation of neural stem cells based
on their biophysical membrane properties [84, 85]. Here, we have provided the theoretical and

modeling framework enabling us to predict the ideal separation and trapping frequency ranges.

According to the Maple simulation, instead of the literature-derived 0.1 S/m [78, 79], if the
cytoplasm conductivity of glial cells is postulated to be 0.3 S/m, then theoretical crossover
frequencies will be recalculated in 10% and 20% cell media solutions (Fig. 4.5(b)), and then the
simulated DEP crossover will be comparable to the experimental measurements. However, there
are other discrepancies between simulation and measurements, as the simulated values for
crossover frequencies are typically higher than those we measured. With further parameter
refinement, we find that if the cytoplasm conductivity of glial cells is hypothesized to be between
0.3 and 0.4 S/m, the real part of Clausius-Mossotti factor (determining DEP force) is very close to
zero at frequencies higher than 2 MHz in 30% cell media solution, which is now consistent with

our measurement, as mentioned above.

Another interesting point is that if cell radius of 5 um or 6 pum is utilized, instead of 4 um, the
simulated crossover frequencies are significantly closer to the experimental values (Fig. 4.5(c)).

This approach could be very valuable for the extraction of more accurate parameters (dielectric
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properties) from the experimentally determined crossover frequencies, compared to these that are
currently available in the literature. The details of this study are discussed in section 4.6 Estimation

of Neuron and Glial Dielectric Properties Using DEP Crossover Frequency.
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Figure 4.5 Comparison of theoretical and experimental glial DEP crossover frequencies. (a)
Initially simulated values from Fig. 4.1. (b) Cytoplasm conductivity o, is postulated to be 0.3 S/m,
theoretical crossover frequencies are generated in 10% and 20% cell media solutions. However,
simulated values are larger than measured values. (c) Further parameter refinement (cytoplasm
conductivity o.=0.35 S/m; membrane effective capacitance Cm=0.012 F/m?; cell radius r=6 xm)
generates simulated crossover frequencies much closer to the experimental values. This provides
a valuable approach to extract more accurate dielectric properties from the experimentally
measured crossover frequencies, as described in section 4.5.

4.3 Viability and Purity Assessment of Hippocampal Cells

The viability of hippocampal cells in different DEP suspension medium was measured, independent
of DEP, to ensure the health of cells after their exposure to suspension medium for the duration of
experiments determining the crossover frequencies. After the tissue dissociation process, cells were
suspended in various DEP medium for 30 min at room temperature. Their viability was then
assessed through the use of Live/Dead™ cell stain (Invitrogen, Calcein, AM 2uM and Ethidium
Homodimer, 1uM in cell media NbActivl). The viability assessment method described here is
similar to the process described in section 3.2.1, except the fact that different suspension medium

(sucrose + cell media), instead of pure sucrose solution is used. As can be seen in Fig. 4.6, compared
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to the control group in pure cell media, the viability of the cells suspended in various DEP medium
is within the range between 80% and 90% for all suspension media with a cell media percentage
ratio between 0.1% and 50%. This high cell viability indicates that the cells can remain alive in

different suspension media during the DEP experiments.

100%
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\\%__..-c-":' l

80%

5%

Hippocampal viability (%)
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s Hippocampal Viability
65%
Control 50% 30% 20% 10% 1% 0.1%
(100%)
Cell media percentage ratio (%) in different suspension medium

Figure 4.6 Hippocampal viability after 30 min in different DEP suspension medium without DEP.
The viability data (average +standard deviation) for each media condition was analyzed from five
samples.

Additionally, the viability of cells after DEP manipulation has been verified, both immediately and
12 hours after the DEP process. The difficulty in accurately determining the viability of the cells
was due to the fact that some of them potentially could be lost due to the media change in live/dead
staining, so we analyzed the cells both on the device and in the exchanged media, as will be

described in section 4.5.2.

It is vital, for our experiments, to have pure populations of neurons or glial cells respectively, when
we are determining their crossover frequencies. In order to verify the purity of neurons and glial

cells after the enrichment process described earlier, immunostaining was performed directly on
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hippocampal neuronal and glial cultures, at Div. 6 and Div. 13 respectively, to quantify the
percentage purity of neurons and glial cells. The staining procedure is described in Section 3.1.3.
The measured percentage purity of neurons (94.1% £1.3%, n = 12) and glial cells (89.7% +4.9%,
n=12), as shown in Fig. 4.7, verifies the efficacy of the enrichment process (Fig. 4.8) and the

accuracy of the DEP experiments.

Figure 4.7 Cell percentage purity of hippocampal neurons and glial cells after enrichment culture.
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Figure 4.8 Immunostaining of hippocampal neuronal culture at Div. 6 (a) and glial cell culture at
Div. 13 (b) (Green: neurons; red: glial cells). All samples were neuron and glial double stained.
Blue DAPI (4',6-diamidino-2-phenylindole) nuclei staining was performed to identify individual
cells. Both neurons and glial cells were cultured on poly-d-lysine coated cover slides. Two glial
cells are indicated by arrows in (a). Glial cells in (b) were located at the edge of the cover slide.
High neuron (94.1% £1.3%, n = 12) and glial (89.7% *+4.9%, n=12) purity was achieved. Scale
bar is 100 zm.

4.4 Neuronal and Glial DEP Movement Analysis

In this set of experiments, we have decided to fully characterize the movements of neurons and
glial cells exposed to DEP. Specifically, we aimed to visually confirm the different behaviors of

different type of cells when exposed to identical DEP conditions.

After DEP crossover frequency measurements, which were done separately for neurons and glial
cells, equal amounts (1.0 x 10 cells) of neurons and glial cells were mixed together, and suspended
in targeted separation media (containing 30% cell media, the remaining 70% of sucrose solution as
explained earlier) to highlight and additionally clarify the difference of their DEP movements under
the same DEP condition. Namely, we wanted to obtain verification of the frequency range where
neurons exhibited positive DEP, and glial cells exhibited negative DEP, which was difficult to
verify in a standard cell composition following the brain tissue dissociation, which did not have

affirmative number of glial cells.

Since the polarity of DEP effect on cells does not depend on the configuration of electrodes, we
used the simplified quadruple electrode array (Fig. 4.2) for better visualization and analysis of
individual cells. We find in our experiments that the DEP MEA (16 electrodes) can block the view
of some cells if multiple cells are monitored simultaneously. With fewer, larger electrodes, the
guadruple electrode array is also easier for the experimental setup on a probe station, which is the
same as in Fig. 4.3. Additionally, finite element simulation has shown that the electric field strength
on this quadruple electrode array is very close to that on the DEP MEA when the same electric

potential is applied. As indicated in Fig. 4.9, local maximum electric field areas, located at the edge
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of each electrode, are where the cells are attracted to under positive DEP. While cells experiencing
negative DEP are positioned to the local minimum electric field areas, which are the center point
and inner area of each electrode. During the movement analysis experiment, 10 MHz AC and

ground signals are applied to every other electrodes of the quadruple electrode array.
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Figure 4.9 Finite element electric field simulation. (a) Finite element model of one electrode
structure of the DEP MEA. (b) Simulated electric field distribution on one electrode of the DEP
MEA using CoventorWare (Coventor, Inc.). Cells are attracted to the open via on top of the
electrode (maximum field strength) when pDEP is implemented. (c) Simulated electric field
distribution of the quadruple electrode array using FlexPDE software (PDE Solutions Inc.).
Maximum filed strength areas are located at the edge of each electrode, and the electric field
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strength in (c) is comparable to that in (b). Electric potential of 3V is applied to the electrodes in
(b) and (c) during simulation.

After the cells were settled on the electrode surface, a 27-second video was captured using a
Moticam 2300 camera (Motic Group CO., LTD.), started with the application of the electric
potential. Image frames from the video were processed and retracted at 0.85 s per image through
Matlab (MathWorks, Inc.). In Fig. 4.10, three images from the video are presented, timing at 5.525s
(@), 14.025s (b), and 26.775s (c), respectively. Eleven cells showing relatively large movements
were selected and their moving trajectories were tracked by processing the image stack, from the
video, using ImageJ processing software (National Institutes of Health). Six cells (1, 3, 4, 5, 9, and
11) experienced significant positive DEP effect and were trapped or moved towards the edge of the
electrodes; meanwhile, other five cells (2, 6, 7, 8, and 10) experienced negative DEP effect and
moved towards the inner area of the electrodes. All the labeled cells were relatively bright and
small. Based on our live/dead fluorescent staining experience, these bright and small cells represent
a normal morphological appearance of live cells in suspension. The dark cells with larger diameters
were excluded from the analysis, because we have experienced that these cells are dead, based on
the same staining process. Considering the live/dead and neuron/glial staining techniques, available
to us, would end the life cycle of the cells, no fluorescent labeling was performed here. This
coexistence of cells experiencing pDEP and nDEP under the same DEP condition was observed in

three independent experiments.
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Figure 4.10 Moving directions (a) and (b) and trajectories (c) of six cells experiencing pDEP and
five cells experiencing nDEP are tracked. (a), (b) and (c) are at 5.525s, 14.025s, and 26.775s,
respectively, of the cell movement video (Online Resource 2). The cell numbers in (c) are the same
as in (a) and (b).

As mentioned before, hippocampal neurons were confirmed to experience pDEP at 10 MHz in the
targeted suspension medium, which is the same electric signal applied here. The cells used in this
experiment were a mix of equal amount of neurons and glial cells, and it is apparent that some of
them are experiencing positive, and some negative dielectrophoresis. Therefore, we hypothesize
that the cells shown on Fig. 4.10 which moved towards the inner area of the electrodes and therefore
experienced nDEP were, in fact, glial cells. Notably, however, during our previously described
crossover frequency measurements (section 4.2), no obvious DEP effect was observed for glial
cells exposed to the same conditions (10 MHz signal, and 30% cell media solution). We needed

more information to shed light on this discrepancy.
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Therefore, cell tracking data (timing and position) were obtained from ImageJ software (Fig. 4.10),
to clarify the difference between DEP effects experienced by those cells. The moving speed of
those cells was analyzed, so that the DEP effects they experienced were compared. As can be seen
in Table 4.4, either from the average maximum velocity or the average moving velocity of the two
categories of cells (pDEP and nDEP), the cells experiencing pDEP are moving much faster than
cells experiencing nDEP, indicating a much stronger pDEP effect than nDEP. This could also
explain why we observed very weak DEP effect for glial cells while measuring their crossover
frequency. Considering the DEP spectra simulation, a weaker DEP effect for glial cells in 30% cell
media solution indicates that the real part of Clausius-Mossotti factor is very close to zero at higher

frequencies, resulting in less DEP force, which is consistent with our discussions above.

Table 4.4 DEP moving velocity (zm/s) of tracked cells.

Positive DEP Neaative DEP

Cell no. 1 3 4 5 9 11 2 6 7 8 10
4 Maximum 58| 89 | 24 | 102 |65 | 41 | 43 | 21 | 30| 22 | 17
velocity
b Averaged 6.3 (s=2.9) 2.7(s=1.0)
maximum velocity
2 Averaged 22| 32 | 21 | 64 (28| 25 | 26 | 14 |24 17 |10
moving velocity
® Averaged 3.2(s=1.6) 1.8 (s=0.6)
moving velocity

2 Data of each cell;
® Averaged data of each category of cells (pDEP or nDEP);
s = standard deviation.

4.5 Hippocampal Neuronal Separation from Glial Cells

4.5.1 Experimental Verification

To experimentally verify the separation of hippocampal neurons from non-neuronal glial cells by
the DEP method, equal amounts (5.0 x 10* cells) of hippocampal neurons and glial cells are mixed

together, after the respective harvesting process (section 4.2.1). The separation of neurons and glial
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cells in 30% cell media solution, as well as neuron recruiting onto the electrodes, are performed on

a packaged DEP MEA device, following the same procedure described in section 3.1.2.

Five different neuronal separation and recruiting experiments have been performed, and each
experiment was completed within 30 min. Following attachment to the MEA chip, neurons
recruited to electrodes by pDEP were characterized by immunocytochemistry (ICC), as described

earlier.

Instead of premixed 1:1 ratio sample, we first used the raw neuron/glial cell mixture, dissociated
directly from hippocampus tissue in the experiment (Fig. 4.11(a)). It can be seen that 13 of the 16
electrodes were occupied exclusively by neurons (green). The circles (white) indicate the SU-8
microchambers above 16 electrode sites, which have diameters of 30 um. One glial cell (red) was
found close to the electrode, but not anchored on the electrode itself. As mentioned earlier, the
exact ratio of glial cells in the raw embryonic neuron/glial mixture was not determined. To ensure
comparable amount of glial cells existing in the sample during the separation, a premixed 1:1 ratio
sample was used, in further experiments, to verify the separation of neurons and glial cells (Fig.

4.11(b)).

In Fig. 4.11(b), 15 of the 16 electrode sites were occupied exclusively by neurons. The coexistence
of six glial cells was also observed and is indicated by circles (red); the glial cells were not actively
trapped by pDEP on electrodes. It should be noted that because the cell culture media NbActivl is
formulated for neuronal growth only [86], more glial cells may have died and thereby been lost
during the 12 hours of incubation and staining process. Of the four MEA devices used in this
experiment, 11, 14, 15, and 14 electrode sites (out of sixteen possible electrodes) were occupied
by neurons respectively; and 5 to 7 glial cells were found in the central area of the device, but not

anchored on the electrodes, a result which met our goal of selective neuron-to-electrode recruitment.
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Figure 4.11 Immunofluorescence micrograph of hippocampal neurons (green) trapped by pDEP
on electrodes and glial cells (red, red circle-indicated) anchored off electrodes from (a) raw
dissociated tissue sample and (b) premixed 1:1 ratio sample. DEP electric signal applied: 10 MHz,
6Vpp. Suspension medium contains 30% neuron culture media.
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This result successfully verified that with the implementation of pDEP, the DEP MEA system is
capable of separating hippocampal neurons and glial cells from a mixed cell suspension by active
neuronal recruitment on the electrodes. The DEP AC electric signal applied during experiments
was at a frequency of 10 MHz, and the suspension medium contained 30% cell culture media.
Hippocampal neurons, rather than glial cells, were attracted to the electrode sites at this frequency,

confirming our approach for neuron/glial separation.

Another relevant conclusion is that the dielectric properties available for glial cells, derived from
limited previous studies and then utilized in our simulations, might not be completely accurate. As
demonstrated in Fig. 4.5, glial cell cytoplasm conductivity, in all likelihood, is greater than the
value derived from the current literature. More accurate information about the dielectric properties
of glial cells would further increase the accuracy of the simulation. Indeed, it has been shown by
Prasad et al. that an AC DEP electric signal of 4.6 MHz and 8 Vpp (peak to peak) was appropriate
to separate neurons and glial cells in a mixed co-culture [55]. In this work, these values were
anticipated and then verified, via simulation as well as experimentally, and that is additional

confirmation of the validity of our approach.

4.5.2 Neuronal Post-DEP Viability Verification

We have also confirmed that neurons are still alive and electrically active after their separation
from glial cells and positioning using pDEP. In the related work, Prasad et al. reported immediate
recording of neuronal signals after DEP positioning (there was no attempt to look at neuronal
potential longer than 30 min) [55], and Jaber et al. reported spontaneous and stimulated action
potentials from multiple electrodes after 24 hours in vitro, using different DEP conditions than in
our work [20]. Here, we supplemented neuronal signal recording by subsequent neuron live/dead
staining, which provided us with information about how many neurons survived the DEP process

and whether or not they were electrically active.
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In our experiments, three MEA devices were used for signal recording after neuronal separation
and recruiting. Immediately after DEP positioning, we did not detect any neuronal signals from the
electrodes. We also tried to live/dead stain the cells; as described previously in section 3.2.3,
immediately following DEP recruiting, neurons could easily be displaced off the electrodes because
of the manual operations and media disturbance. Therefore, we manually collected the cells from
the device chamber using a micropipette, and live/dead stained them for viability assessment.
Microscope observation revealed that no cells remained in the electrode array area of the device
after this manual collection. The viability from the collected cells was 96.0% *+7.1% (n=6). In a
separate experiment, we waited 12 hours for neurons to better attach on the electrodes. After twelve
hours in vitro, live/dead staining was performed on cells, both on the device and in the media. We
found few cells in the media; however, the cells anchored in the electrode array area of the device

showed that 84.2% of the cells are live (Fig. 4.12).

Figure 4.12 Live (green)/dead (red circle-indicated) stain of hippocampal neurons positioned on
MEA at 12 h in vitro. White circles indicate the microchambers on top of each electrode. Viability
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better than 84% was achieved. Neuronal separation and recruiting was performed with cells
directly dissociated from hippocampus tissue, where both neurons and glial cells were present.

In section 3.2.3, Fig. 3.8 shows another fluorescent micrograph of live/dead stain of hippocampal
neurons positioned on DEP MEA at 12 h in vitro, where 96% of cell viability is achieved. At the
same time (12 h in vitro), spontaneous neuronal potential was detected from two electrodes on one
of the three devices (MEA in Fig. 3.8), and stimulated neuronal signals were measured from two
electrodes on the same device and one electrode on another device. We should mention here that
we were using embryonic hippocampal neurons in our experiments, compared to postnatal neurons
used by Prasad et al. and Jaber et al. [20, 55]. This might explain the scarce neuronal potentials we

could measure at this stage of culture [20, 87].

Fig. 4.13 shows the spontaneous and stimulated neuronal extracellular potential we recorded from
another electrode of the MEA in Fig. 3.8. Spontaneous extracellular potential has an amplitude
around 100 uV, and stimulated potential has an amplitude around 150 uV. The stimulation signal
we used was a biphasic positive + negative pulse with an amplitude of 1V and pulse duration of
0.1ms. The stimulated signal was recorded 1 ms after the biphasic pulse, according to the study of
Jimbo et al. [58]. In addition, the stimulation artifact could cause overshooting to the signal
processing system because of the 5000 signal-processing system gain, so a 1 ms switching time
was set in our system before started to record. The response time between stimulation and first
evoked spike was 10-50 ms, which is reasonable according to Jaber et al., Merz and Fromherz, and

Wagenaar et al. [20, 59, 60].
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Figure 4.13 Spontaneous and evoked neuronal potential recorded from the same electrode of one
MEA device. The evoked response is recorded 1ms after the stimulation pulse.

4.6 Estimation of Neuron and Glial Dielectric Properties Using DEP Crossover
Frequency

As described in section 4.2.2, simulations of DEP spectra (Re[K]) based on averaged property
values (from literature) of hippocampal neurons and glial cells have been performed, and the
discrepancies between simulated and experimentally measured crossover frequencies demonstrated
the need for more accurate cell property values. We have also demonstrated earlier that the
refinement of glial dielectric properties can create simulated crossover frequencies better reflect

the measurement values.

Various experimental approaches have been applied to measure cell interior and membrane
properties. For instance, a voltage patch clamp was utilized to directly measure neuronal membrane

capacitance [32], and intracellular conductivity was determined from cell membrane electric
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breakdown [88]. Despite all these efforts, the dielectric properties of many mammalian cells have
yet to be determined accurately because of the vast variety of cell types; the values of those that
have been reported in the literature vary widely [31-34]. Specifically, the determination of the
dielectric properties of neurons and glial cells, for instance, will vastly facilitate the characterization,

separation, and manipulation of them and their stem cells [83, 89].

As a label-free and flexible tool, DEP has been widely used to characterize the electrical properties
of not only the cell membrane, but also the cell interior [40, 90, 91]. The ability to determine cell
dielectric properties with DEP has been demonstrated previously by Mahaworasilpa et al. [92],
where DEP force on single cells in AC electric fields was measured to analyze cell movement. In
addition, the measurement of DEP crossover frequency has been extensively applied by the groups
of Pethig et al., Gascoyne et al., Voldman et al. and Gagnon et al. [40, 41, 80, 89, 90, 93-95], to
characterize and separate multiple cell types. In order to ensure the validity of the approach and the
accuracy of the result, detailed mathematical derivations, based on a particular dielectric model of
cell, were usually given to relate the crossover frequency and the electrical properties of cells. For
instance, the work reported by Pethig et al. and Gascoyne et al. determined the effective cell
membrane capacitance from the slope of the plots of crossover frequency versus the medium
conductivity based on a low frequency (DC) approximation [40, 89, 94, 96]. However, this DC
approximation can only be applied when the measurement is performed in a medium with lower
conductivity (e.g. <10 S/m), where the measured crossover frequency is sufficiently lower than
the dispersion frequency (~1 MHz) [97, 98], which is usually associated with the internal
polarization between the cell membrane and cytoplasm. Furthermore, extended exposure to low-
conductivity medium often causes ionic flux out of cell membrane, which could compromise the
cytoplasmic integrity [98]. Due to the considerations above, this approach is not appropriate in
some cases where DEP crossover frequency is measured to determine the dielectric properties of

cells, unless more complicated models and lower level of approximations are used.
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In this section of work, we will further determine the dielectric permittivity (&.), cytoplasm
conductivity (o.), and specific membrane capacitance (cm) of mouse hippocampal neuronal and
glial cells using DEP crossover frequency. Instead of low-frequency approximation, this
methodology is based on the simulation of crossover frequencies directly from the governing
equation of the dielectric model of mammalian cells, as well as measured crossover frequencies
(Table 4.3) in different suspension media with higher conductivity (with the addition of cell media).
Relationships between the properties of cells and crossover frequency, as demonstrated by theory
analysis, enable the simultaneous estimation of three properties by a straight forward fitting
procedure. The best fit determines the estimated physical properties in question. The estimated
neuronal properties significantly narrow the value ranges available from literature. Additionally,
the estimated glial cell properties are a valuable addition to the scarce information currently
available about this type of cell. This methodology is applicable to any type of cultured cells that

can be subjected to both positive and negative DEP.

4.6.1 Theoretical Analysis

In section 2.1.2, we analyzed the dielectrophoretic model of mammalian cells. From the analytical
expression of C-M factor for mammalian cells in medium (equation (2.6)), if we define A, B, C

and D as follows,

g. C.I Enm

A= @ (Se=m 1 2m 2(a + 2b);
O-C O-m O- C
C.r & c.r

B= o™ +25m 42700 — (¢ + 2d):
Gm Gm O-C
En Col &, C,I

€= o?(Em=n _Ze 2y — 2(b— a);
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O-m O-m O-C

then the expression of C-M factor K, equation (2.6) can be simplified as

__ C+jp-1 _ [(c-1)+jD][(2—A)—jB]
T 2-4A+jB (2-A)%+B2 (1)

The sign of the real part of C-M factor Re[K] determines the type of DEP effect, a positive Re[K ]
leads to pDEP and a negative value causes nDEP. Therefore, for cells in a suspension medium, the

theoretical crossover frequency between pDEP and nDEP can be obtained by solving the equation:

(C-1)(2-A)+BD _

Re(K) = “2 022 = 0 (4.2)

which is further simplified as
20—AC+A—2+4+BD =0 (4.3)
and
20w%(b—a) —w*(a+2b)(b—a) + w?(a+2b) + w?(c+2d)(c—d) =2 (4.4)

Finally, solving the quadratic equation of w? will give the theoretical crossover frequency directly:
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w? ={[(4b — a) + (c + 2d)(c — )] + {[(4b — a) + (c + 2d)(c — d)]* — 8(a + 2b)(b —

)Y} [2(a+ 2b)(b — a)] ! (4.5)

provided a # b (&. # &y,), that is, the dielectric permittivities of cell interior and suspension
medium are not exactly the same. In the expressions of a, b, ¢, and d, the dielectric permittivity of
suspension medium &, is very close to the permittivity of water 80¢, [36, 99], where ¢, is the
permittivity of vacuum, and cell radius » and medium conductivity a,,, can be experimentally
measured respectively. As a result, three cell dielectric properties cytoplasm permittivity e,
cytoplasm conductivity ., and membrane effective capacitance c,,, can be simultaneously
determined by fitting equation (4.5) to compare theoretical crossover frequencies w with

experimentally measured values.

4.6.2 Pre-fitting Analysis

Before fitting theoretical crossover frequencies to experimental data, dielectric and physical
properties of hippocampal neurons and glial cells have been researched from previous studies, as
shown in Table 4.5. The averages of these literature values haven been listed in Tables 2.1 and 4.1,
respectively, as they are being used in DEP spectra simulations for hippocampal neurons and glial
cells. For mouse hippocampal neurons, both cytoplasm conductivity o, and membrane effective
capacitance cn have a wide range of literature values, experimentally determined on closely-related
types of mouse neurons, such as mouse CA3 pyramidal neurons and interneurons [31, 34], and
cortical rat neurons [33], as can be seen in Table 4.5. Neuronal cytoplasm permittivity &, is set at
78¢,, based on literature values [33, 36], to be very close, but not equal, to that of suspension
medium, as discussed in equation (4.5). However, very limited information about glial cells is
available in the literature. Here, we assume the cytoplasm permittivity of glial cells (78¢,) to be the

same as neurons’. Glial cytoplasm conductivity was derived from conductivity-related glial cell
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and tissue information [78, 79], and the membrane effective capacitance was found in only one

study [32].

Here, property values within the literature ranges in Table 4.5 are evaluated using our estimating
technique, which takes experimental crossover frequencies into account. For single literature data
in Table 4.5, values around (larger and smaller than) the particular reference value are evaluated.
The goal is to determine property values that give a better fit between the theoretical crossover

frequency and that which is experimentally measured.

Table 4.5 Hippocampal neuron and glial properties from literature.

Cytoplasm Cytoplasm Membrane effective
dielectric constant conductivity o, capacitance cm (F/m?)
£/ (S/m)
Hippocampal 78 [33, 36] 0.4-1.01[31, 33, 0.002 — 0.013 [31-34]
Neuron 34]
Glial Cell 78° 0.1[78, 79] 0.0106 [32]

@ Assumed value.

As can be seen in equation (4.5), there are two sets of solutions to the quadratic equation (4.4) of
w?, depending on the ‘+* and ‘-’ signs. The DEP electric signals provided by the function generator
have a maximum frequency of 30 MHz. To determine which solution is within our practically
measurable frequency range, averaged property values from Table 4.5 for hippocampal neurons are
fitted to select the reasonable theoretical crossover frequency (Fig. 4.14). Comparing the ‘+’ sign
solutions (circle) and the ‘-* sign solutions (triangle) in Fig. 4.14, crossover frequencies solved with
‘-> sign represent the measured values (stars). As a result, theoretical crossover frequencies are

calculated with the ‘-’ sign in the following discussions.
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Figure 4.14 Comparison of theoretical crossover frequencies calculated with ‘+’ sign (circle) and
-’ sign (triangle) from equation (4.5). Triangle data points represent the measured values (stars).
Property values of hippocampal neurons used in this calculation: e./e,=78, 6.=0.7 S/m, Cnm
=0.008 F/m?, r=4 um.

4.6.3 Property Determination for Neurons and Glial Cells

Mouse hippocampal neuronal cytoplasm dielectric constante./e,, where ¢, is the dielectric
permittivity of a vacuum, cytoplasm conductivity a., and membrane effective capacitance cn have
been evaluated respectively, according to experimentally measured crossover frequencies in
different suspension media (Table 4.3), using values obtained from the literature (values around a
reference data, where available, or several different values, if a range has been reported). The
dielectric permittivity of suspension medium ¢, is 80¢,; the averaged cell radius is measured as 4
um for both hippocampal neurons and glial cells. Different suspension medium conductivity values

o, are measured (see Table 4.2).

When one property value is being evaluated, the other two are fixed during the procedure. Optimal
property values have been determined based on the fitted curves that are closest to the measured

data. The theoretical crossover frequencies in 50% cell media also are calculated for each subfigure
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in Fig. 4.15; however, it is not possible to measure the definite crossover range in 50% cell media
because both pDEP and nDEP effects are very weak around crossover, and therefore the exact

crossover frequency is very difficult to determine.

For hippocampal neuronal cytoplasm dielectric constant (e./g,) evaluation, different selected
property values do not affect the theoretical crossover frequencies much; as shown in Fig. 4.15(a),
most of the fitted data and curves overlap on each other. However, we do find that smaller values
give a slightly closer fit to the experimentally measured data (calculated data not shown). As a
result, in contrast to the literature value of around 80, €. /¢, is believed to have a smaller value (e.g.

60) for hippocampal neurons.

Selected values within the literature range of cytoplasm conductivity o, have been fit to
experimentally measured values in Fig. 4.15(b). As can be seen, greater conductivity values (0.75-
0.95 S/m) have better theoretical fit in 20% and 30% cell media suspension mixture, but the fitted
points in the lower cell media suspension mixture do not change substantially. These changes in
crossover frequencies, therefore, may not be well represented, if only implementing medium with
lower conductivity. Smaller cytoplasmic conductivity (0.45 S/m) makes the theoretical values
disappear (complex number) in 50% cell media, as indicated by the data point in the lower right
corner. Thus, the cytoplasm conductivity o, of hippocampal neurons is closer to the higher end

(0.75-1.0 S/m) of the literature-value range.

For membrane effective capacitance cm, greater property values provide a closer fit to the measured
data (see Fig. 4.15(c)). Instead of literature-averaged 0.008 F/m?, we believe the membrane
effective capacitance cn of hippocampal neurons is located at the higher end (0.01-0.012 F/m?) of

the literature range.
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Figure 4.15 Dielectric property values for mouse hippocampal neurons based on values shown in
Table 4.5 are evaluated, according to experimentally measured crossover frequencies. The
theoretical data in 50% cell media are also calculated in each figure. One property is fit to the
experimental values, whereas the other two values are fixed to the values described in each
situation.

(a) Cytoplasm dielectric constant values ¢./g,=40, 60, 75, 85 and 95 are fitted. Smaller values (40,
60) give slightly better fit. (6.=0.65 S/m, cn=0.008 F/m?).

(b) Cytoplasm conductivity values 0.=0.45, 0.55, 0.65, 0.75, 0.85 and 0.95 S/m are fitted. Larger
values (0.75-0.95) have closer fit. (g, /£,=78, cn=0.008 F/m?).

(c) Membrane effective capacitance values ¢, =0.004, 0.006, 0.008, 0.01 and 0.012 F/m? are fitted.
Larger values (0.01-0.012) provide closer fit to measured data. (¢./&,=78, 6,=0.75 S/m).

With the same methodology applied for mouse hippocampal neurons above, the dielectric

properties of glial cells derived from the literature have also been evaluated (Fig. 4.16).

From the evaluation of cytoplasm conductivity o, (see Fig. 4.16(a)), it is determined that smaller
values (0.05-0.2 S/m) only give crossover frequencies in suspension medium with up to 10% cell
media; but in 20% and 30% cell media solution, no crossovers are generated (complex numbers).
These complex values are indicated by data points at the lower right corner because only the real
part of complex numbers are plotted in MATLAB. A crossover is generated in 20% cell media

solution if o, = 0.3 S/m, whereas greater values for o, (0.4, 0.5 S/m) also have crossovers in 30%
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cell media solution. Experimentally, crossover frequencies are successfully measured in suspension
medium with up to 20% cell media. However, in 30% cell media solution, the DEP effect is very
weak at higher frequencies. Based on this, we conclude that the cytoplasm conductivity o, of glial
cells is greater than literature-derived 0.1 S/m, and its value should be between 0.3 and 0.4 S/m, as
demonstrated further in the following DEP spectra (Re[K]) simulation. Therefore, 6,=0.3 S/m is

applied for the evaluations of the other two properties.

As the cytoplasm dielectric constant (e./¢g,) of glial cells is evaluated (Fig. 4.16(b)), we find that
greater values (85: square, 95: diamond) produce unreasonable high crossover frequencies in 30%
and 50% cell media solution, which cannot be experimentally confirmed. Although no crossover
(complex number) is created in 30% and 50% cell media solution, smaller values (40: circle, 60:
cross, and 75: diagonal cross) give crossovers that are very comparable to the four measured data
points (see in Fig. 4.16(b)). It is also noticed that the theoretical values are slightly closer to
measured data if smaller property values are used (data not shown here). Therefore, the cytoplasm
dielectric constant of glial cells is believed to be less than assumed value of 78. In addition, with
smaller dielectric constant, two very close possible crossovers can be generated in 30% cell media

solution for glial cells, as demonstrated below in the following section.

For glial membrane effective capacitance cm, the estimation results are similar to those of
hippocampal neurons. Greater cy values have closer fit to the experimentally measured data, and
the complex numbers in 30% and 50% cell media solution are not considered. The literature data
of 0.0106 F/m? is reasonable, as it is very close to our estimation range for ¢y, which is 0.011-0.013

F/m?2.
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Figure 4.16 Dielectric property values for mouse hippocampal glial cells given in Table 4.5 are
evaluated, according to experimentally measured crossover frequencies. One property is fit to the
experimental values, whereas the other two values are fixed to the values described in each
situation.

(a) Cytoplasm conductivity values .=0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 S/m are fitted. Only values o,
> (.3 will generate crossovers in 20% cell media solution. (s./&y=T78, cn=0.0106 F/m?).

(b) Cytoplasm dielectric constant values e./g,=40, 60, 75, 85 and 95 are fitted. Smaller values
have slightly closer fit. (¢,=0.3 S/m, cn=0.0106 F/m?).

(c) Membrane effective capacitance values ¢, =0.004, 0.006, 0.008, 0.01 and 0.012 F/m? are fitted.
Larger values (0.01-0.012) give closer fit to measured data. (g./£o=78, 6.=0.3 S/m).

4.6.4 Discussion and Summary

In Fig. 4.15 and 4.16, most of the fitted data and curves are above the experimentally measured
values. It is hypothesized that this might be caused by the cell deformation because of intense
electric field near the electrode [92]. For instance, if cell radius of 5 um instead of 4 um is utilized
in our equations, the fitted data and curves are much closer to the experimental values (see Fig.
4.17). Similar illustration can also be seen in Fig. 4.5. Furthermore, the measured cell radius is

averaged from 20 cells; the actual sizes of the cells detected in experiments also could be larger
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than this average [100, 101]. This consideration also eliminates the selection of some maximum
property values (e.g. cn=0.012 F/m?) within literature ranges, as smaller values (e.g. cm=0.01 F/m?)
already generate acceptable fit. With this consideration in mind, our results (Table 4.6 below)
indicate that neurons have lower membrane effective capacitance than glial cells, similar

characterization has been reported elsewhere [84].
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Figure 4.17 Recreated fitting curves for hippocampal neuronal cn (Fig. 4.15(c)) with cell radius r
of 5 um.

The crossover of glial cells in 30% cell media solution could not be determined experimentally
because the DEP effect is very weak at higher frequencies (>2 MHz), as mentioned before.
Considering this observation, DEP spectra (Re[K]) of glial cells in 30% cell media solution are
simulated with Maple (Maplesoft Inc.), using cytoplasm conductivity (o.) values from the
determined range (0.3-0.4 S/m) above (see Fig. 4.18(a)). As shown, compared with other values,
o, 0f 0.32 S/m (green) and 0.35 S/m (magenta) create the preferable curves at higher frequencies,
because they are closer to the zero-value base line, and the resulted absolute values of Re[K] are

smaller, consequently so is the DEP effect. Although the magenta data line has a crossover point,
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and the green data line does not, they both represent possible situations. Additionally, glial cells
have nDEP effect at 2 MHz on the green and magenta data lines, confirming the experimental

observations.

Furthermore, if smaller cytoplasm dielectric constant of glial cells than the assumed value is applied,
two possible crossover frequencies are generated in certain compositions of suspension media, as
can be seen in Fig. 4.18(b). In addition to the crossover within the measurable range (<30 MHz),
most of the lines have the second crossover points at around the frequency of 100 MHz. These
second crossovers can be confirmed in MATLAB as the solution calculated with ‘+’ sign in
equation (4.5). Here, the DEP spectra curve in 30% cell media solution (magenta) has two CFs
close to each other, which may occur in actual situations since the absolute value of Re[K] also is
very close to zero at higher frequency, leading to weak DEP effect. In addition, if specific signal
generation equipment rather than the conventional function generator is used to measure the second
crossover frequency, accurate determination of more cell dielectric properties could be possible

[102].
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Figure 4.18 Maple simulation of DEP spectra for glial cells. (a) Different cytoplasm conductivity
o, fit in 30% cell media solution. (g./£,=78, cn=0.01 F/m? r=4 um). (b) In different suspension
media. (6,=0.35 S/m, &./£,=60, cn=0.01 F/m?, r=4 pm).

From Table 4.2, most of the conductivity of the suspension mixture is magnitudes higher than that
of DEP buffers previously used because of the addition of cell culture media [80, 83, 96-98, 103],
which compromises the validity of the low frequency approximation, as mentioned earlier.
Hippocampal cell viability in different suspension medium has been verified in section 4.3 to ensure

that cell are alive during the experimental crossover frequency measurements.

With these considerations in mind, we have summarized, in Table 4.6, the range of three dielectric

and physical properties of mouse hippocampal neurons, as well as of glial cells, determined here.

Table 4.6 Dielectric properties of hippocampal neurons and glial cells determined in this work.

Cytoplasm dielectric ~ Cytoplasm conductivity Membrane effective
constant £./¢&g o, (S/m) capacitance cn (F/m?)
Hippocampal <60 0.75-0.95 0.012
Neuron
Glial Cell <60 0.35% 0.0122

@ Parameter is determined to be close to this value.
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In conclusion, the range of dielectric properties of mouse hippocampal neurons and glial cells,
specifically cytoplasm permittivity, cytoplasm conductivity, and membrane effective capacitance,
are determined from DEP crossover frequencies. Theoretical crossover frequencies are obtained
directly from the governing equation of Clausius-Mossotti factor. The range of property values is
determined by a fitting procedure, comparing theoretical and experimentally measured crossover
data. Cell properties determined here provide valuable additional information to the current body
of knowledge. While selected types of cells are experimentally verified here, this methodology can

be applied to a wide variety of cells.

In this chapter, we have systematically developed a useful approach to separate and pattern primary
mouse hippocampal neurons from non-neuronal glial cells, in a mixed cell suspension, with positive
dielectrophoresis. DEP simulations are performed, based on hippocampal neuronal and glial
dielectric and physical properties from measurement and literature. Simulations indicate particular
frequencies where only neurons will be attracted to electrodes with pDEP. We experimentally
verified the simulated crossover frequencies of hippocampal neurons and glial cells, DEP
movement of hippocampal neurons and glial cells in targeted separation medium is analyzed. This
neuronal separation technique, based on active pDEP trapping, has been applied to our DEP MEA
to selectively recruit hippocampal neurons (from a neuron/glial mixed cell suspension) to the
electrodes. The neuronal viability is verified through successful neuronal signal recording from
anchored neurons, and fluorescent live/dead cell staining. In addition, based on theoretical and
experimentally measured DEP crossover frequencies, the neuronal and glial dielectric and physical

properties are refined, compared to the literature values.
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Chapter 5: Supporting Electronics and LabView Control Interface

5.1 DEP Recruiting Interface

In order to facilitate the pDEP active neuronal recruiting process, a DEP recruiting interface printed
circuit board (PCB) is designed, taking into account the packaging of our DEP MEA devices. The
DEP Recruiting Interface PCB (2 inch by 3 inch) mainly provides two functions: a platform where
the packaged DEP MEA device is anchored during the cell trapping process; and an electrical
interface where sinusoidal AC electric signal and ground reference is connected to the MEA for

the implementation of DEP.

The schematic and PCB design of the DEP Recruiting Interface is illustrated in Fig. 5.1. Fig. 5.2
demonstrates the PCB after the fabrication and assembling process and its application in cell
trapping experiments. As can be seen, 16 electrode channels are connected to the AC electric signal
port via two 8-channel DIP switches (C&K Components), which enable the separated control of
“ON” and “OFF” of each channel, so that the DEP effect can be created on selected combinations
of the electrodes. A ZIP IC Connection Socket (3M) is utilized to allow easy integration of the
packaged DEP MEA device and the PCB interface. Four ground reference channels from the ZIP
socket are connected directly to the ground signal port. Four through-holes are designed at the
corners of the PCB for potential mechanical fixation during the experiments; however, sticky
mounting tapes (3M) are applied in actual experiments, at each corner of the PCB, to stabilize it on
the stage of a microscope. The PCB has two signal layers, with the AC electric signal on the front
(1st) layer, and the ground signal on the back (2nd) layer. PCB circuit board was designed using

PCB Atrtist software from Advanced Circuits (Aurora, CO).

In our previous neuron recruiting experiments, instead of using the ZIP socket, DEP MEA was

directly inserted into the PCB for electric connections, as can be seen in Fig. 3.1(a). Therefore, one
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bigger through-hole is also designed at the center of where the device is positioned, to enable the
visualization of the neuronal trapping process on an inverted microscope. Furthermore, the 16
electrode channels were simultaneously connected (directly) to the AC signal port, without the DIP

switches, as shown in Fig. 2.15(c).
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Figure 5.1 Schematic (a) and PCB (b) design of the DEP Recruiting Interface circuit board.
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Figure 5.2 Assembled DEP Recruiting Interface PCB (a) and its application in cell trapping
experiments on a microscope stage (b).

5.2 MEA Recording and Stimulation Interface

This main circuit system is a 4 inch by 6 inch PCB, where |IV-level neuronal extracellular potential
is filtered and amplified before it is recorded by a data acquisition system. With the capability of
channel selection and switching between recording and stimulation, neuronal stimulation pulses
are also fed through this PCB to specified electrode channel. Considering the packaging of our DEP
MEA device, a ZIP IC Connection Socket (3M) (shown in the figure below) is also utilized in this
PCB for convenient device fixation during neuronal measurements, and for the connection between

the device and the PCB circuit system.

As described earlier in section 3.4, the amplitude of the neuronal extracellular potential is within
the range of 100 pV to 200 uV [53-55]. The power spectrum of the neuronal action potential has

been revealed to be primarily between 50-100 Hz and 2 KHz [55-57]; furthermore, the bursting
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rate of neuronal action potential has been well established to be no more than 500 Hz to 1 KHz
[104]. Based on this consideration of neuronal potential amplitude and power spectrum, a band-
pass circuit based on precision low-noise amplifiers AD624 (Analog Devices, Inc.) and low-noise,
high-speed operational amplifier LT1007 (Linear Technology), has been designed to filter and
amplify the neuronal potential signals. The schematic design and simulated Bode-Plot of this band-

pass signal filtration and amplification system is illustrated in Fig. 5.3.
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Figure 5.3 PSpice schematic design (a) and AC Sweep simulation Bode-Plot (b) of the extracellular
neuronal potential processing (filtration + amplification) circuit.

As can be seen in Fig. 5.3(a), in the first stage of the circuit, the AD624 instrumentation amplifier
is configured to have a gain of 1000, according to its datasheet; and differential input mode is
configured to eliminate common-mode noise, such as the background noise from the cell media,
and any DC offset or fluctuation. The second stage is a non-inverting positive gain block with
amplification of 5, which also functions as a first-order high-pass filter with a cutoff frequency of
7.9 Hz. The last stage is a second-order Butterworth low-pass filter with a cutoff frequency of 16.9
KHz. The total gain of this signal-processing (ban-pass) circuit is 5000, and the combinational 3dB
points are at 12.3 Hz and 10.9 KHz, respectively. Moreover, the band-pass circuit is designed to
have 99% points at 76 Hz and 2.1 KHz, where the signal amplitude is 99% of its peak value in the

band-pass Bode Plot, as indicated in Fig. 5.3(b). This 99% points design is based on the neuronal
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potential power spectrum described above, to help filter the neuronal extracellular potential more
precisely, while keeping the integrity of the essential frequency components of the signals. This
three-stage signal processing circuit is designed based on the signal-processing module of previous

MEA system [21].

Considering the original amplitude of the signals to be measured, the amplifier (both
instrumentation amplifier AD624 and op-amp LT1007) and resistor noise has been carefully
calculated within a designated bandwidth of 2.0 KHz, during circuit design, to ensure that the total
noise voltage from each amplifier is less than 1.0 uV, compared to the 100 uV-level extracellular
neuronal potential. The bandwidth, starting with the first 3dB point (12.3 Hz), is chosen to be 2.0
KHz because this is where the primary power spectrum of neuronal potentials located. One noise
component from the resistors: thermal (Johnson-Nyquist) noise, and two noise components from
the amplifiers: voltage and current noises, are considered here. The resistor thermal noise is

calculated according to the following equation:

V, = J4K;TRAf (5.1)

where Kj is the Boltzmann constant (1.38 x 10-23 J/K), T is the absolute temperature (300 K), R
is the resistor value, and Af is the frequency bandwidth of interest. The amplifier voltage noise

calculation is based on equation (5.2):

V, = Ny /Af (5.2)

where voltage noise density versus frequency N, is obtained from the amplifier’s technical
datasheet, which has a unit of v/vHz, and Af is the given bandwidth. Similarly, for the amplifier

current noise, current noise density versus frequency N; (A/vHz) is extracted from the datasheet,

and the noise is calculated according to:

V; = N;y/AfR (5.3)
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where Af and R are the bandwidth and resistor value respectively, as described above. The total

RMS noise for each amplifier is the combination of the three noise components:

V,= [V +V,24+ V2 (5.4)

Based on the selected bandwidth, bias current-balancing and high-pass filtering resistors (20 KQ)
at the inputs of the first stage amplifier (AD624), and the high-pass filter resistor (20 K<) at the
input of the second stage op-amp (LT21007) is carefully chosen, to ensure that the total noise from

each amplifier is less than 1.0 pV.

Extracellular neuronal potentials, processed through the circuits above, are fed into the differential
analog input of a data-acquisition (DAQ) card (N1 USB-6211, National Instruments) for recording,
which is in turn controlled by a LabView interface, as described in the following section. Analog
stimulation pulses can be generated by the DAQ card, then transmitted to specific electrode channel
of the MEA through two analog multiplexers CD4051 (Texas Instruments). Stimulation pulses are
buffered through a LT1007 op-amp (voltage buffer configuration) before they enter specific
electrode channel. Four-bit digital selection signals for the multiplexers are created by the DAQ
card. The multiplexers also enable the selection of specified electrode channels to record from. The
switching between stimulation and recording is realized through a low on-resistance (85 Q), fast-
action (100-200 ns) analog switch DG441 (Intersil Americas LLC). Channel ON/OFF control
signal for the analog switch is also generated from the DAQ, which is programmed in the LabView
interface. As discussed earlier in section 3.4, a switching time between stimulation and recording
of less than 2 ms has proved to be suitable for detecting stimulated hippocampal neuronal signals
while keeping stimulation artifact from being recorded [58]; therefore, the switching time is set to
be 1 ms in the LabView system. The logic overview of the recording and stimulation system is

illustrated in Fig. 5.4.

121



Figure 5.4 Recording and stimulation system diagram.
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The DEP MEA Recording and Stimulation Interface PCB has been designed and fabricated
(assembled) according to Fig. 5.5. The neuronal recording and stimulation experimental setup has
been shown in Fig. 5.6, including the packaged DEP MEA, PCB interface and the DAQ card, which
can also been seen in Fig. 3.13. Another consideration here is that because the frequency of 60 Hz
is within the useful neuronal power spectrum, no notch filter is integrated to remove the 60 Hz
noise from AC power supply; therefore, both the PCB and laptop in our experiments are powered
by DC batteries. Two 9V DC batteries are integrated on the back side of the PCB in Fig. 5.5(b),
which provide the 245V power supply for the electronic components, through a voltage regulator.
Even in this way, it was observed that noises from power adapters of nearby equipment, such as
microscopes and computers, could cause disturbance in the signal, so an AC power-isolated

environment is preferable for neuronal potential recording.
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Figure 5.6 Neuronal recording and stimulation experimental setup, including a packaged DEP

MEA, PCB interface and the NI DAQ card. The NI DAQ card is connected to a computer where
LabView control panel is programmed.
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5.3 LabView Control Interface

LabView control panel software is an important part of the experimental setup, which provides
straightforward and instantaneous control and monitoring of the experimental electrical devices,
such as function generator, DAQ card and oscilloscope, as well as the automation of data logging

and signal display.

The first LabView control interface we programmed is for the implementation of DEP experiments.
Instead of manually adjusting the function generator for the output of AC sinusoidal electric signals,
a virtual instrument panel is created in LabView for the selection of waveform shape, frequency,
amplitude and offset. By connecting with the LabView software, the output of the function

generator can also be enabled on the virtual panel. The front panel of this control interface is

displayed in Fig. 5.7.

Figure 5.7 LabView front panel for the control of AC electric signals during DEP experiments.
For the preview and recording of neuronal potentials from a single channel, we created another
control interface, where simultaneous signal display and recording is enabled. The front panel of
this module is illustrated in Fig. 5.8. By selecting the channel number and document directory on

the computer, neuronal potential data from particular electrode channel will be recorded to a
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specified .txt file. The update period determines how long the potential data is recorded before
being refreshed for a new cycle of recording; however, instantaneous neuronal signals are displayed
continuously in the waveform window. Additionally, the sampling rate can be adjusted up to 40
KHz, with higher sampling rate capturing the original signal more accurately, which creates larger

data files.
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Figure 5.8 LabView front panel for the preview and recording of neuronal potentials from a single
channel.

Finally, the most complicated stimulation + recording control interface has been created, which is
designed for single channel only in the current system. The stimulation and recording channels (one
for each) can be selected separately from 16 electrode channels. Four different types of stimulation
pulses are available to choose from: monophasic positive, monophasic negative, biphasic positive
+ negative, and biphasic negative + positive. Several pulse parameters, including time offset, pulse
duration, amplitude, time per cycle and pulse number, can be reset for various stimulation purposes.
The stimulation progress and pulse shape are displayed at the lower half of the front panel (Fig.
5.9). After the implementation of stimulation, a waiting time of 1-2 ms is defined in the LabView

program, before initiating the recording sequence. The recording function is similar to that in Fig.
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5.8, with the evoked neuronal signal plotted at the upper half of the front panel, and a Boolean light
indicating the progress of the recording process. The whole sequence is configured to be initiated

and aborted by separate Boolean buttons.

é__________i:
o
: 5
S TS ———
i :
F Lk |
‘E'; L %_\
i i AR -
3
Bl g N
i1 § 7
E-é THHEHT
§ E g ) Iprigjduly m
5
: .
| §||c§i! } B = i
ggglgl : 3 W
= e . . g [siad . Bl Ba| RS ‘
EL{, 1908 ° .| _ E— EEL 3 8.8

Figure 5.9 LabView front panel for the stimulation and subsequent recording from specified
individual electrode channels.
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Chapter 6: Conclusion and Future Work

A novel DEP MEA system has been designed and developed in this research to establish a platform
to facilitate the study of the underlying mechanism of neural network activities. With this MEA
system, embryonic mouse hippocampal neurons have been actively recruited to the electrodes by
positive dielectrophoresis, and the growth of neuronal processes have been mechanically confined
by predefined SU-8 microstructures to form patterned neuronal networks. With appropriate
microstructure designs, hippocampal neurons have been attracted to the electrodes on the MEA
with single-cell resolution. We investigated different pretreatment methods to improve the
cytocompatibility of thin cured SU-8 layer on our DEP MEA devices, which enables our system to
provide a suitable microenvironment for primary neuron culture, particularly for hippocampal
neurons. Mouse hippocampal neurons have been successfully cultured on the DEP MEA, where
the neuronal growth are confined by SU-8 microchambers and microtrenches so that precisely
defined neuronal networks have been formed. With the well-patterned neuronal network,
spontaneous and stimulated neuronal potentials are successfully recorded from specified neurons,
through our signal-processing circuit and LabView control systems. Evoked neuronal spikes and
their propagation are analyzed to reveal the neuronal signal transmission and the connections
between neighboring neurons inside a functioning neuronal network. Furthermore, we investigated
the viability of hippocampal neurons during and after the DEP process to ensure the health of

neurons that are actively positioned on the MEA with pDEP.

In addition, we investigated the separation of mouse hippocampal neurons and glial cells using
positive DEP. When dissociated from hippocampus tissue, the initial cell mixture contains both
neurons and glial cells; however, only the neuronal sub populations are our research subject of
interest because of their role in the process of thought and memory. After analyzing the neuronal

and glial DEP movement in the targeted suspension medium, we successfully applied pDEP to
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separate hippocampal neurons and glial cells based on their different dielectric and physical
properties. The DEP crossover frequencies of neurons and glial cells in various suspension medium
have been experimentally measured. By comparing these experimental values with our simulation
results, we also suggested an approach to extract more accurate dielectric properties of neurons and
glial cells than those previously available in literature. This technique is a valuable addition to the

toolbox for making our DEP MEA system a more functional and versatile multi-electrode array.

At the same time, potential technique improvements and future research work can make such a
BioMEMS system a more reliable and efficient platform for neural engineering research. During
our system development, we found the DEP process compromised, in an unknown way, the neurons’
ability to extend processes and fully grow out, although we have verified that neurons are live and
electrically active after the DEP recruiting process. This makes the smooth transition between
pDEP active recruiting and subsequent neuronal culturing and patterning challenging, as we have
observed neurons still remained in spheres days after the DEP process. In our current experiments,
hippocampal neurons have to be cultured directly on the MEA device, without DEP, to form a
precisely patterned neuronal network, although we have demonstrated successful neuronal pDEP
active trapping. Future investigations will be needed to optimize the primary neurons’ ability to
fully attach and grow after the DEP positioning, despite the fact that they can be verified live post

DEP.

Another aspect that calls for potential improvements is the fabrication of SU-8 microstructures. In
current device designs, different microtrench width (3 pm, 5 pm and 7 m) are included. However,
after the fabrication, except for the 7 pm trenches, photoresist (SU-8) residue can still be observed
inside the 3 pm and 5 pm trenches, as can be seen in the SEM images of fabricated devices in Fig.
6.1. Some of the 5 pm trenches have residue inside, while most of the 3 pm trenches have residue
left inside. Various fabrication parameters concerning the photolithography process, such as

exposure does, development method and development time, have been tested; however, the
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situation of SU-8 residue is not improved. This residue issue might be the reason why the growth
of neurites cannot be well-guided in microtrenches with 5 pm or less width, as the residue could
block the extension of neuronal processes. From literature research, although high aspect ratio SU-
8 microstructures have been widely developed, most of the structures have simultaneous thicker
and larger SU-8 features, compared to our feature structures (8 pm thick, 3 pm-5 pm wide).
Therefore, we looked into another epoxy-based photoresist — KMPR (MicroChem Corp.), as an

alternative structure material for our MEA devices.
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Figure 6.1 SEM micrographs of fabricated DEP MEA devices with (a) 3 pm, (b) 5 jum and (c) 7
pm microtrenches. SU-8 residue can still be observed in the 3 pm and 5 pm trenches, while 7 m
trenches are clear of residue.

Similar to SU-8, KMPR is also a negative photosensitive epoxy, which is mainly used for MEMS
structure, Electrolytic Plating and DIRE applications, because of its excellent adhesion, chemical
and plasma resistance. Compared to SU-8, KMPR has better internal stress situations, which makes
simplified (time-efficient) fabrication process of KMPR. It also has superior resistance to fissuring
and cracks, which were observed on current MEA devices fabricated with SU-8. Furthermore,
KMPR has better moisture resistance, which may render it more suitable for cell culture and
microfluidic applications. Although KMPR can be hard-baked for the purpose of creating
permanent structure material; most of the time, it is used as sacrificial mask layers because it is
formulated as much easier to strip after the photolithography process. Last but not least, 2 pm
features, 10 pm coating KMPR have been shown to be realized in the material data sheet, with an

i-line stepper on an unknown substrate.

Based on the thickness requirement (<10 pm), we chose KMPR 1005 to test-fabricate the
microstructure layer of the DEP MEA devices. The detailed KMPR fabrication process, similar to

SU-8, can be seen in Appendix Il: DEP MEA Fabrication Process. Optical micrographs of the
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fabricated structures are shown in Fig. 6.2. As can been seen, after repeated fabrication process test,
clear microtrenches, without photoresist residue, can be consistently created with width down to 4

m; trenches with 3 pm or less width may still have residue left inside.
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Figure 6.2 Optical micrographs of microstructure layers fabricated with KMPR. Photoresist
residue can still be observed in 3 pm microtrenches (a), as indicated by dark-color cross bars
inside the trenches. (b) 4 |, (¢) 5 pm and (d) 7 pm microtrenches are clear of residue.

Microstructures fabricated with KMPR have improved photoresist residue situations; however, the
lithography process hasn’t been optimized, as microstructures with 2 jum features are shown to be
successfully fabricated in the data sheet, with 10 pm thick KMPR coating, which is even thicker
than our application (8 m). Considering a different photolithography aligner we used (h-line
contact instead of i-line stepper), and possible different substrate (quartz glass versus silicon),
future investigations will be needed to optimize the fabrication of the microstructure layer, which

may allow the patterning of neuronal networks with better resolution.

Another potential technical improvement lies in the neuronal pDEP active recruiting process.
Although much attention has been paid to the packaging of the DEP MEA devices to facilitate the
neuron trapping, as described in section 2.4, we still found that rather than on the device surface,
neurons were floating above the MEA because of the high viscosity of sucrose solution, which
made the neuronal trapping process relatively time-consuming and inefficient, as neurons

sometimes might have to be waited to settle on the device surface before they could be trapped by
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pDEP to the electrodes. The main reason, we think, is that the height of the PDMS chamber on our
MEA device is in mm rage, instead of pm range. This large space in the vertical direction
compromises the ability to confine the neurons in desired surface plane for most effective DEP
recruiting. Improved microfluidic device packaging (possibly involving glass slides) may allow

high-throughput and more efficient neuronal active recruiting using this DEP MEA system.

In addition, with current electronic circuit system and LabView control interface, evoked neuronal
potentials can be recorded immediately after the application of the stimulation pulses. However,
the stimulation artifact and spontaneous neuronal potentials right before the stimulation are not
designed to be recorded. On the other hand, it is sometimes beneficial, to also record the
spontaneous neuronal potentials before the stimulus, as well as the stimulation artifact, so that the
evoked neuronal potentials can be compared to the spontaneous signals prior to the stimulus, and
the relationship between the stimulus trace and the evoked potentials can be visualized in a
straightforward time scale. In order to realize this function, modifications will have to be made to
the electronic circuit system, such as the analog switch control for signal recoding and stimulus
pulse overshoot protection, as well as to the LabView control interface (the addition of a pre-

stimulus recording module).

With all these potential future research work in mind, technical improvements, combined with
thorough neuronal cell biology investigations, may one day allow more complicated geometrically-
dependent studies of functioning neural networks, such as the precise mapping of in vitro neuronal
networks based on the propagation of neuronal potentials, using a biosensor/bio-interface similar

to our DEP MEA system.
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Chapter 7: Protein Characterization and Manipulation with MEMS

During the last year of my Ph.D. research, | have been involved in a technical intern position at
Bristol-Myers Squibb (BMS), Bloomsbury, NJ. BMS is a global biopharmaceutical company that
discover, develop and deliver innovative medicines for patients. It manufactures prescription
pharmaceuticals in several therapeutic areas such as cancer, HIV/AIDS, cardiovascular disease,

diabetes, hepatitis, rheumatoid arthritis and psychiatric disorders.

The function of this internship is to engage in the biological downstream process development;
particularly, protein (monoclonal antibody) purification process for drug substance production. |
have held several independent research projects during this internship, including bench-scale
protein purification chromatography experiments, high-throughput protein resin (adsorbent)
screening using Tecan (Tecan Group Ltd.) liquid handler automation, and virus filtration/separation

investigation.

While being trained on traditional pharmaceutical industry protein purification process, | have also
actively explored the potential applications of MEMS/BioMEMS techniques towards the
characterization, analysis, separation, and manipulation of biomolecules, such as proteins, DNA,
and viruses, etc. In this chapter, | will summarize the principle idea of protein (antibody)
purification in pharmaceutical industry. Based on this principle concept, different previously
published studies, where MEMS/BioMEMS is utilized in the characterization and manipulation of
biomolecules, such as proteins, will be described and discussed, to explore the potential application
of MEMS in this particular field. Meanwhile, | will also discuss the feasibility of applying the
techniques and system, which have been described above in this dissertation, into the field of

protein biomedical sciences.

7.1 Principle of Industrial Protein Purification
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In the biopharmaceutical industry, as the dominant therapeutic agents, hundreds of monoclonal
antibodies (mAbs) are under development. These molecules (antibodies) are derived from a series
of recovery and purification platform processes, before they are utilized in the production of drug
substances. Typically, the first step in the antibody recovery process is to harvest the mammalian
cell culture fluid (cell broth) from upstream process. This is generally accomplished, through the
processes of centrifugation, flocculation/precipitation, tangential flow micro filtration, depth
filtration and sterile filtration [105], to remove cells and cell debris. The harvested material is a

filtered clarified bulk (CB), for downstream protein (antibody) purification process.

A typical downstream protein purification process flow is depicted in Fig. 7.1. Generally, mAbs
are purified through multiple chromatography processes, which takes advantage of different

physical and chemical properties between molecules for their separation.
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Figure 7.1 Typical platform process for monoclonal antibody downstream purification.

I
i
I

As shown in Fig. 7.1, the process flow starts with the cell broth clarified bulk (CB), which is
prepared according to the process described above. The first and most important chromatography
purification is a Protein A (ProA)-based affinity capture step, where ProA-based resins (stationary
adsorbent) capture the target antibodies, and let impurities flow through. ProA chromatography
clears most of the impurities, such as host cell proteins (HCP), DNA and viruses, and yields a
relatively clean and pure product that only requires further removal of a small portion of impurities
[106, 107]. This first purification directly decides the quality of the final drug substance. After the

affinity capture, the target antibodies are eluted (separated from the resin) and collected. This
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“capture-and-separate” process is known as a Bind-Elute mode (ProA) chromatography. The
collection (eluent) is held in a low pH solution (pH: 3.4-3.5) for viral inactivation to inactivate
endogenous/adventitious viruses; afterwards, the pH of the antibody solution is neutralized, for the

flowing polishing chromatography steps, as described below.

One or two polishing chromatography processes are normally implemented to further clear
impurities, according to drug substance quality requirements. In addition to HCP, DNA and viruses,
these polishing steps also remove protein aggregates, unwanted product variant species and other
minor contaminants [106]. These impurities, once inside the drug substance, are harmful to the
patients’ health. Polishing chromatography is usually cation exchange (CEX) and anion exchange
(AEX) based, where electrostatic binding (to the resin) is integrated to attract either target mAbs
or impurities. If the target antibodies are bonded, they are also eluted later based on the Bind-Elute
chromatography mechanism; otherwise, if the impurities are bonded, target mAbs flow through the

resin column and are collected, based on the Flow-Through mode chromatography mechanism.

In order to further remove viral contaminants, viral filtration is always performed after the previous
chromatography purifications. Viral filtration is a size-based viral clearance step, where composite
membranes with specific pore sizes are used to retain bigger viruses, and let smaller mAbs go

through.

Finally, the purified mAb product, after all the platform processes described above, is concentrated
using ultrafiltration, and diafiltered into the final formulation buffer. Both ultrafiltration and
diafiltration are based on tangential flow filtration (TFF), where buffers flow through the membrane
(filtrate), while proteins remained and collected through feedback (retentate).

7.2 MEMS Based Biomolecule Characterization, Analysis, Separation and
Manipulation
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Because of its um and nm scale features and the advancement of microfabrication technologies,
micro-electro-mechanical systems (MEMS) have been widely used in biomolecule sensing,
diagnosis and analysis. Previously, fluorescence-based bio-sensing, analysis and separation has
become the dominant technique. However, this method usually requires the labeling of fluorescent
dyes to target molecules and specific equipment or arrays for fluorescent analysis. Integrating
physical and chemical properties of different biomolecules with the mechanical structures of
MEMS devices, a label-free protein sensing/detection technique has been enabled. By building a
sensor array, such MEMS devices are even capable of high throughput protein screening, providing
a potential replacement for conventional immunoassay techniques. In this section, some previously
published research where MEMS biosensors have been successfully utilized in protein biomedical

sciences will be described and discussed.

7.2.1 Stress-based MEMS Protein Sensor

In addition to being the dominant drug therapeutics, sometimes protein is also the disease-related
clinical biomarkers that need to be detected [108]. For instance, cardiovascular-event-related
proteins, such as disease-related C-reactive proteins (CRPs) have been detected based on the
bending of microcantilevers [109]. Certain infection may cause higher CRP concentration in human
serum, which raises the risk of heart attacks [110]. The structure of the MEMS CRP sensor

microcantilever is shown in Fig. 7.2 [109], as well as the protein binding and sensing principle.

CMOS compatible silicon nitride is deposited on the silicon substrate for the cantilever, where
Chromium (Cr) and gold (Au) layers are deposited as intermediate adhesion layer. A self-
assembled molecule biolinker layer is coated to activate the binding of anti-CRP (antibody), for
probing the antigen, CRP. When CRPs bind to anti-CRP, specific biomolecule interactions between
them change the nanomechanical interactions within the biolinker layer, which leads to the bending

of the microcantilever, as can be seen in Fig. 7.2(b) [109]. The bending of the cantilever is measured
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by optical beam deflection through a position-sensitive detector (PSD). The fabricated “V” shaped

CRP sensor and the experimental setup is shown in Fig. 7.3.
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Figure 7.2 Structure of the CRP sensor and CRP sensing principle. (a) Before binding. (b) After
binding. (c) Flow chart of attaching the antibody and different bio-layers to the cantilever surface
[109].
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Figure 7.3 (a) SEM image of fabricated V" shaped CRP sensor. (b) CRP detection experimental
setup [109].

Another interesting aspect of this CRP sensor is that after the measurement, the CRPs can be
physically removed from the cantilever for the sensor to be reused for successive experiments.
Traditionally, bound proteins are separated from adsorbent surfaces by strong chemical acids or

bases, similar to the elution process during Bind-Elute mode chromatography, where acidic buffers
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are used to detach bound proteins from the adsorbent resins. But this chemical separation could
also compromise the functionality and stability of the adsorbent anti-CRP layer, which prevents the
sensor from multiple usages. In contrast, a low-frequency ac electric signal (0.2 Hz, 1V) is utilized
here, to physically remove the CRPs from the cantilever. The electric signal is applied between the
gold electrode connected to the cantilever and the nickel electrode around the cantilever, as can be
seen in Fig. 7.3(b). Detailed mechanism of this electrical release can be found in [109]. Generally,
the application of the electric field facilitates the cations and anions at the surface of the cantilever
to move more freely in and out of the (anti-CRP)-CRP interface for binding relaxation. Then fluidic
flow provides shear stress at the sensor surface to break those weak bonds, and the released CRPs
are carried away with the flow. Compared to chemical elution, this electric separation method
maintains the functionality of the anti-CRP layer for multiple cycles of detection. As we can see
from this microcantilever protein sensor, the bind-release mechanism utilized here provides us a
fresh perspective to look into the protein chromatography process, where alternative techniques can

be exploited.

7.2.2 High Throughput Protein Screening Sensor Array

Another example 1 would like to mention here is also a surface stress-based protein sensor; however,
a multi-dimensional arrayed sensor was built based on MEMS technology, for high throughput
protein screening. Instead of measuring the optical deflection using a position-sensitive detector
(PSD), as mentioned above, a silicon photodiode is integrated to enhance the surface-stress effect
using nonlinear optical transmittance change by the Fabry-Perot interference [111, 112]. The device

structure is illustrated in Fig. 7.4 [111], as well as the sensing principle in Fig. 7.5 [112].

This MEMS protein sensor consists of a suspended membrane film (Parylene-C) over a silicon
photodiode with an air gap between. The Fabry-Perot cavity (air gap over a silicon oxide layer

sitting above the photodiode) is changed because of the antigen-antibody interaction on the
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membrane surface. When a single-wavelength laser light travels to the sensor, the transmitted light
to the photodiode is dramatically changed based on Fabry-Perot interference [111], as well as the
photocurrent, which can be read out as an electrical signal. The photocurrent signals are processed
through integrated CMOS circuit, as can be seen in Fig. 7.4(a). By integrating MEMS sensor and
CMOS circuit into a single chip, which eliminates complex external optical sensing components,
an M x N sensor array can be built, for protein screening purposes. This also enables us with
alternative techniques for biomolecule high throughput analysis applications.
Signal processing e N
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Figure 7.4 (a) Schematic of the MEMS Fabry-Perot interferometric protein sensor array,
integrated with MOSFET signal processing circuit. (b) Schematic image of the Fabry-Perot
interferometric protein sensor [111].
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Figure 7.5 Sensing principle of a MEMS Fabry-Perot interferometric protein sensor. Photocurrent
in the photodiode is changed with a deflection in the membrane by an antigen-antibody reaction
[112].

7.2.3 MEMS based Protein Analysis Bioassay

Analytical department is an important functioning group in any biopharmaceutical companies.
Protein samples from all stages of recovery and purification process should be analyzed for safety
and drug product quality requirements. Conventional immunoassay technologies for life sciences,
such as enzyme-linked immunosorbent assay (ELISA) and western blot are time consuming, and
multiple manual steps are needed for the final assay analytical results. As a result, BioScale, Inc
(Cambridge, MA) has developed a MEMS-based bioassay analysis system based on their acoustic
membrane microparticle platform [113], as can be seen in Fig. 7.6. The system consists of eight
identical MEMS sensors that can process eight samples simultaneously. A 96-well microtiter plate,
which is commonly used for protein analytical purposes, can be processed sequentially analyzing

12 columns [113].
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Figure 7.6 A MEMS based bioassay analysis system developed by BioScale, Inc (Cambridge, MA).
Eight sensors function in parallel, corresponding to eight (8) rows of a 96-well (8 rows x 12
columns) microtiter plate, commonly used in life science analysis [113].

The operation and sensing principle of this bioassay analytical system is shown in Fig. 7.7. Samples
are mixed with magnetic beads in the microtiter plate, where analyte (of interest) specific antibodies
are coated on the magnetic beads, while another tagged antibody bind to the samples’ analyte of
interest. The mixture are flown over the anti-tag coated acoustic sensor membrane, where a magnet
underneath captures the beads holding the analyte of interest. The magnetic field is then turned off,

and only the biologically bound microparticles with the analyte remain on the sensor membrane.

Each of the acoustic sensor membrane is a piezoelectric vibrating component, whose resonant
vibrating frequency changes with the binding of the microparticles, because of the mass loading.
This resonant frequency is measured, as an indicator of the amount of analyte of interest, in the
sample. After each cycle of measurement, the sensor can also be regenerated (detachment of

microparticles) for reuse.
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Figure 7.7 Sensing principle of the acoustic membrane MEMS bioassay analysis biosensor [113].
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With this system, according to the company, multiple assays can be processed at the same time,
while fewer basic steps are needed for lab personnel to run an assay. With great sensitivity and
reproducibility, this MEMS based bioassay microsensor has the capability to measure low
concentration of analyte that was not detectable before [113]. Here, MEMS technology once again,

provides us with advanced alternative techniques for protein analytical applications.

7.3 Application of MEA Techniques in Protein Biomedical Sciences

As can be seen in the discussions above, MEMS technology has proven feasible and valuable for
the characterization, analysis, separation and manipulation of biomolecules such as proteins.
Particularly for MEMS multi-electrode array (MEA), as the system that has been described in this

dissertation, we believe the technique also has potential applications in protein life sciences.

As mentioned previously, MEAs have been successfully utilized in cell/neuron patterning and
biosensing. With appropriate surface chemical modifications, such as self-assembled protein-
attractive monolayers, specific proteins can be captured and bind to the MEA for separation and
purification purposes. Integrating microfluidics and the arrayed electrodes, high throughput
screening is also achievable. On the other hand, advancing with the understanding of different
electric properties of these biomolecules, interesting sensing mechanism can be explored based on

the binding of proteins on the surface of MEA devices.

By fabricating nm-scale MEMS devices, it is also worth investigating the application of
dielectrophoresis (DEP) for the characterization, separation and manipulation of various types of
proteins. For instance, combining positive DEP capture and negative DEP repulsion, a Bind-Elute
mechanism can be easily realized through the change of electric field frequency, without the need
of strong acids or bases. Furthermore, as the cost of fabricating each MEMS MEA device is much
lower than the adsorbent resins currently used in pharmaceutical industry, it could save millions of

dollars every year for the company, by switching to alternative techniques based on MEMS.
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With the help of wireless communication, portable, wearable, and even implantable personal
medical and diagnostic equipment can be manufactured, bringing forward a new type of real-time

health care system. With low-cost disposable diagnostic devices, more affordable medicines will

come to people’s normal lives.
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Appendix I: Layout

Mask Design

The dimensions of all features that were varied are listed in Table A.1 for design revision 1, and

Table A.2 for design revision 2.

Table A.1 Design parameters for all DEP MEA device dies (revision 1).

Die label Oxidevia  Array Pathway Chamber Trench Bonding Count
diameter (mxn) length? diameter width  pad size?
(pm) (pm) (pm) (pm)  (um)
PDEP MEAG 6 4x4 100 50 7 600 3
4x4_100_50umChamber?
PDEP MEAG 6 4x4 100 30 5 600 3
4x4_100_30umChamber5
PDEP MEAG6 6 4x4 100 20 2 600 2
4x4_100_20umChamber2
PDEP MEAS8 8 4x4 100 50 7 600 3
4x4 100 _50umChamber7
PDEP MEAS 8 4x4 100 30 5 600 3
4x4_100_30umChamber5
PDEP MEAS8 8 4x4 100 20 2 600 2
4x4_100_20umChamber2
PDEP MEA10 10 4x4 100 50 7 600 2
4x4_100_50umChamber?
PDEP MEA10 10 4x4 100 30 5 600 2
4x4_100_30umChamber5
PDEP MEAS 8 4x4 200 50 7 600 3
4x4_200_50umChamber?
PDEP MEAS 8 4x4 200 60 10 600 2

4x4_200_60umChamber10

! Distance between neighboring electrodes
2 Wire bonding pad square length
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Table A.2 Design parameters for all DEP MEA device dies (revision 2).

Die label Oxide via  Array (mxn) Pathway  Chamber Trench Count
diameter or electrodes  length? diameter  width
(um) number’ (um) (um) (um)
LEHIGH MEMS 6 4x4 100 20 3 2
DEP_MEA 6 _4x4 100 20 3
LEHIGH MEMS 6 4x4 100 20 5 2
DEP_MEA 6 _4x4 100 20 5
LEHIGH MEMS 6 4x4 100 30 3 2
DEP_MEA 6 4x4 100 30_3
LEHIGH MEMS 6 4x4 100 30 5 2
DEP_MEA 6 4x4 100 30 5
LEHIGH MEMS 6 4x4 100 30 7 2
DEP_MEA 6 4x4 100 30 7
LEHIGH MEMS 6 4x4 100 50 5 2
DEP_MEA 6_4x4 100 50 5
LEHIGH MEMS 6 4x4 100 50 7 2
DEP_MEA 6 4x4 100 50 7
LEHIGH MEMS 6 4x4 150 30 5 2
DEP_MEA 6 4x4 150 30 5
LEHIGH MEMS 6 4x4 150 50 7 2
DEP_MEA 6 _4x4 150 50 7
LEHIGH MEMS 6 4x4 200 30 5 2
DEP_MEA 6 4x4 200 30 5
LEHIGH MEMS 6 4x4 200 50 7 2
DEP_MEA 6_4x4 200 50 7
LEHIGH MEMS PDEP MEA 6 5x4 100 50 5 6
5x4 100 50chamber5
LEHIGH MEMS PDEP 6 21 100 40 4 7
MEA21 100_40chamber4
LEHIGH MEMS PDEP 6 21 100 30 5 5
MEA21_100_30umChamber5
LEHIGH MEMS PDEP 6 22 100 20 3 6
MEA22_100_20umChamber3
LEHIGH MEMS PDEP 6 23 99 20 5 4

MEA23 99 20umChamber5

! Total number of electrodes when the electrode are not a mxn array
2 Distance between neighboring electrodes
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Mask Layout

Snapshots of four-inch masks are shown below in Fig. A.1 (Metal), Fig. A.2 (Passivation), and Fig.
A.3 (Trench) for design revision 1. In design revision 1, DEP MEA devices are arranged in half of
the wafer, while the other half is designated for MEA test devices, which we used for preliminary
cell trapping and patterning experiments. Details of these MEA test devices are described in
Appendix VII: Preliminary pDEP Cell Trapping Experiments and Microstructure Cell Patterning

Study.

Figure A.1 Metal mask (revision 1) layout for three-inch wafers (four-inch quartz AR chrome mask).
Wafer flat alignment mark is at the bottom.
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Figure A.2 Passivation mask (revision 1) layout for three-inch wafers (four-inch quartz AR chrome
mask).
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Figure A.3 Trench mask (revision 1) layout for three-inch wafers (four-inch quartz AR chrome
mask).

A typical DEP MEA device layout for revision 1 is shown in Fig. A.4, where metal layer is dark
yellow, passivation layer is red, and trench layer (SU-8) is green. Each device measures 8 mm by

8 mm.
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Figure A.4 Typical device die layout (revision 1) showing metal layer in dark yellow, passivation
layer in red, and trench layer in green.

For design revision 2, the three layer four-inch masks are shown in Fig. A.5 (Metal), Fig. A.6

(Passivation), and Fig. A.7 (Trench).
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Figure A.5 Metal mask (revision 2) layout for three-inch wafers (four-inch quartz AR chrome mask).
Wafer flat alignment mark is at the bottom.
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Figure A.6 Passivation mask (revision 2) layout for three-inch wafers (four-inch quartz AR chrome
mask).
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Figure A.7 Trench mask (revision 2) layout for three-inch wafers (four-inch quartz AR chrome
mask).

A typical DEP MEA device layout for revision 2 is shown in Fig. A.8, where metal layer is dark
yellow, passivation layer is red, and trench layer (SU-8) is green. Each device also measures 8 mm

by 8 mm.
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Figure A.8 Typical device die layout (revision 2) showing metal layer in dark yellow, passivation
layer in red, and trench layer in green. Extra four reference electrodes are visible.

Two test dies (Fig. A.9) were included in the upper left and lower right of the wafer. Different
resolution test structures for each layer, such as lines, trenches and microchambers; bulk metal
resistivity test bars; replication of alignment marks; and misalignment check Vernier scales were

designed in the test dies.
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Figure A.9 Two test dies were included in the wafer for resolution (metal layer: dark yellow,
passivation layer: red, trench layer: green), metal bulk resistivity (“big” metal bar), and
misalignment check (lower left & right).
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Appendix I1: DEP MEA Fabrication Process

Starting Materials

1. 3-inch quartz glass wafers, two types:
a. One primary flat 22mm+/-2mm, 500um+/-25um thick, polished both sides,
rounded edges.
b. Two flats, 1 flat 22mm-+/-2mm, 2™ flat 11.18mm-+/-1.52mm, 2" flat 90° from
1%, 500pum+/-25um thick, polished both sides, rounded edges.
2. 3-inch soda-lime glass wafers
a. One primary flat 22mm-+/-2mm, 550um+/-50um thick, polished both sides.
3. Mark wafer identification before process (Optional)
a. Possible tools: diamond scribe or stainless steel scalpel.
b. Good for identification of wafers during following fabrication process.

Glass Wafer Cleaning

1. 5-10% ammonium hydroxide NHsOH (29%). 2L glass beaker if clean multiple wafers at
one time with process boat; small plastic beaker if dip one wafer at a time.

Rinse with DI water for five times, blow dry.

Place cleaned wafers in one wafer carrier (only for cleaned wafers).

Dump ammonium hydroxide and rinse with fresh water.

Inspection under microscope, no dust or residue should be seen, unless there was some
sticky dust on the wafer originally (sometimes even eye visible).

ok~ ow

Metal Layer Photoresist Patterning (Metal Mask)

1. Warm up the hotplate to 110 °C
a. Use aluminum blast-proof to stabilize temperature on hotplate surface.
b. Monitor the temperature with spot-check thermometer.
2. Dehydration
a. Place wafers to be processed in PP blue process carrier.
b. 120 °C in convection oven for 20 min.
c. Use Teflon (white) wafer cassette. (Teflon is suggested, but pp (blue) is ok for
120 °C, though it will become soft after 20 min.)
3. Vapor prime
a. Process immediately after dehydration bake.
b. 10 min in priming box with HMDS : XYlene in 1:1 ratio in the glass dish,
approximately 12 drops of each, total.
c. Use same wafer cassette.
d. Start the UV light source of the aligner. (20 min warm-up) (N2 valve first and
then “power” button under the table)
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e. Start power of the aligner. (“power” button on front panel)
4. Spin-coat negative tone lift-off photoresist
a. AZnLOF 2070 lift-off photoresist target thickness ~ 5 um.
b. 5000 RPM, 60 sec, low acceleration setting: 0.
5. Softbake
a. Verify temperature with spot-check thermometer (110 °C+/-2 °C).
b. Hot plate 110 °C for 60 seconds.
c. Letcool 5 min. (rehydrate is not necessary)
6. Mask exposure
a. Warm-up UV lamp by performing two to three 10 sec. exposure with no wafer.
b. Turn on the pump for the aligner.
c. Load PDEP MEA METAL mask.
Shiny (glass) side against metal holder/ dark (chrome) side facing you
Position mask with primary flat alignment mark on the right
Place mask as close to the center as possible, press “vacuum” of the aligner.
d. Carefully adjust height setting and record height setting.
(2.00 for soda lime test wafers, 1.60 for quartz device wafers)
e. Align wafer’s flat to the primary flat alignment on the mask. (Only use the
objective on the right)
Press HP (high performance) and Vacuum Chunk. (Better resolution)
g. Expose each quartz device wafer for 4.0 sec. @25 mW/cm?. (or 100mJ/cm?)
For soda lime test wafers, 5*1.5sec=7.5sec. @25 mW/cm?, (or 125*1.5mJ/cm?)
7. Post exposure bake (PEB)
a. Hotplate 110 °C for 60 seconds for each wafer.
8. Develop
a. AZ 300MIF developer full strength. (600mL plastic beaker)
b. Submerge for 2 min and agitate with gentle swirling motion.
For soda lime test wafers, 1.5 min development.
9. Rinse and dry
a. Rinse in DI water for 5 times.
b. Blow dry with nitrogen
10. Microscope inspection
a. Resolution test structures 2um trenches should turn out, 2070 bridges on the
second row may be peeled off from Sum. 1um structure on alignment marks
should turn out.
b. If failure, strip in Shipley 1165 or AZ 400T stripper (two bath, PTFE cassette),
and repeat photoresist patterning.
C. Actual thickness of photoresist is around 5.1 pm, measured with profilometer.

Oxygen Plasma Cleaning before Metal Deposition (Optional)

1. Clean possible photoresist residue after MIF 300 development.
2. 30-60 sec, 300 mtorr (actually ~380 on the front panel), 300 Watts, 50 sccm O,.
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Metal Deposition and Lift-Off

1. E-beam metal deposition total thickness of 340 nm.
20 nm Titanium or 200 A, as metal adhesion layer.
300 nm Gold or 3000 A, supposed to be 300nm, as the metal electrode layer.

20 nm Chrome or 200 A as a sacrificial metal layer for better SU-8 adhesion in the
following process.

NOTE: To have better AU deposition quality (reduce pinholes), first 500 A
deposition speed can be controlled as ‘slow’.

2. Lift-off
a. AZ400T or Shipley 1165. (Two 80 °C hot bathes, 1.5 to 3 hours, depending on
the actually lift-off speed.)
b. Rinse in DI water for 5 times.
c. Do not let wafers dry and rinse thoroughly with IPA squeeze bottle.

PECVD Oxide Deposition

1. Plasma Enhanced Chemical VVapor Deposition (PECVD) silicon oxide deposition total
thickness of 1um at COT clean room.
2. Detailed procedure of PECVD at COT clean room is trained by technician.

Photoresist Patterning for PECVD Oxide Etch Mask (Passivation Mask)

- AZ9260
1. Dehydration
a. Place wafers to be processed in PP blue process carrier.
b. 120 °C in convection oven for 20 min.
c. Use Teflon (white) wafer cassette. (Teflon is suggested, but pp (blue) is ok for
120 °C, though it will become soft after 20 min.)
2. Vapor prime
a. Process immediately after dehydration bake.
b. 10 min in priming box with HMDS : XYlene in 1:1 ratio in the glass dish,
approximately 12 drops of each, total.
c. Use same wafer cassette.
d. Start the UV light source of the aligner. (20 min warm-up) (N2 valve first and
then “power” button under the table)
e. Start power of the aligner. (“power” button on front panel)
3. Spin-coat positive tone photoresist
a. AZ 9260 (520CPS) positive photoresist target thickness ~ 6 pm.
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b. 5500 RPM, 60 sec, low acceleration setting: 20.

c. Edge bead removal using Kimwipes (with Acetone) at 1000 RPM, set time = 0,
keep pressing to start the spinner.

4. Softbake

a. Convection Oven 95°C for 15 min.
Place wafer cassette upright so that wafers are lying flat during bake.

b. Let cool and rehydrate at room temperature for 15 min.

5. Mask exposure

a. Warm-up UV lamp by performing two to three 10 sec. exposure with no wafer.

b. Turn on the pump for the aligner.

c. Load PDEP MEA PASSIVATION mask.
Shiny (glass) side against metal holder/ dark (chrome) side facing you
Position mask with PASSIVATION text on top (i.e. away from you when mask
is loaded)
Place mask as close to the center as possible, press “vacuum” of the aligner.

d. Carefully adjust height setting and record height setting.
(200 for soda lime test wafers, 160 for quartz device wafers)
Align to the corresponding mask alignment mark on wafer.
Press HP (high performance) and Vacuum Chunk. (Better Resolution)

g. Expose each quartz device wafer for 6.8 sec. @25 mW/cm?. (or 170mJ/cm?)
For soda lime test wafers, also 6.8 sec exposure @25 mW/cm?. (or 170mJ/cm?)

No post-exposure bake, but 5 min post exposure delay.
6. Develop
a. AZ 400K Developer and DI water solution 1:4 mix. (2000ml glass beaker)
Make sure DI water is not that warm. (Development at ~25 °C)
b. Submerge for 3 min and agitate with gentle swirling motion. (Teflon wafer
cassette for multiple wafers at a time)
For soda lime test wafers, also 3 min development.
7. Rinse and dry
a. Rinse in DI water for 5 times.
b. Blow dry with nitrogen
8. Microscope inspection
a. Resolution test structures:
2 um lines and trenches should turn out;
1 pm trenches should turn out;
1 pm lines will possibly turn out.
b. If failure, strip in AZ 400T stripper (two bath, 15 min each, PTFE cassette), and
repeat photoresist patterning.
€. Actual thickness of photoresist is around 6 pm under profilometer. (5.93-6.06
pm)
9. Hard bake
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a. 95 °C in convection oven for 5 min, place wafer cassette upright.
Take wafer out, let cool down a couple of min.
Repeat the hard bake steps above 3 times. (Total 15 min hard bake)
120 °C convection oven for 30 min, photoresist will melt.

(AZ 9260 might start to melt from 110 °C)

10. Oxygen plasma cleaning before oxide etch if there is photoresist residue left

a. 300 W RF power, 50 sccm O, 300 mTorr pressure (~370 mTorr displayed).

b. 1-2 min.

c. Microscope inspection: all pads should be clear of red photoresist residue,
showing bare oxide layer color.

RIE Etch of PECVD Oxide

1.

Pattern AZ 9260 photoresist as mask layer, followed by hard bake and oxygen plasma
cleaning 1 min. (thickness of photoresist decreases from 6.0 um to about 5.6 pm)

RIE plasma etching of PECVD oxide for 30-40 min at SFC cleanroom.

CF4: 30 on flow meter, 30*5*0.475(gas factor) =71.25sccm;

O2: 2.9 on flow meter, 2.9*1*1(gas factor) =2.9 sccm;

RF power: 300 W;

Pressure: 300 mTorr, ~360 displayed.

Rotate the wafer after 15 min of etching to get evenly etched wafer surface.

Oxide layer should be etched completely (already over etched), almost no undercut. Step
height measured now is approximately 4.7-4.8 um with photoresist on.

Etch selectivity: 1 um: 1.58 um= 0.63: 1, oxide layer step height measured after stripping
photoresist: 1.0-1.1 pm, etch complete.

PECVD Silicon Oxide RIE Etching at COT Cleanroom

Machine: TECHNICS MICRO-RIE SERIES 8000

Pump and gas (O. & CF4) need to be open before running. (Switches are in another room, email
the technician one day before work)

Pressure at rest: pump down to 50mTorr (0.05Torr).

Operation Setps:

1.

Sol’N OFF, Vent ON, reaction chamber should open fast, load wafer, and fix edge with
silicon pieces on the table.

Close chamber, Vent OFF, Sol’N ON, wait until pressure down to ~50mTorr.

Turn on Gasl (O,), set flow rate until chamber pressure reaches 125mTorr, turn off Gasl,
and wait for pressure to reach 50mTorr.
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7.
8.
9.

Turn on Gas2 (CF.), set flow rate until chamber pressure reaches 250mTorr, turn off
Gas2, and wait for pressure to reach 50mTorr.

Turn on Gasl and Gas2, pressure displayed should be ~280mTorr. Turn on power after
the timer is set and when you are ready to etch. Power displayed is 10-20 Watts, actually
is 80/90-100 Watts.

Chamber pressure will drop slightly at the end of etching. When etching is complete, turn
off power, Gasl and Gas2, wait until pressure is ~50mTorr.

Sol’N OFF, Vent ON. Take wafer out when the chamber is open.

Load another wafer if continuing. ..

Or, close chamber, Vent OFF, Sol’N ON, let machine pumping.

PECVD Silicon Oxide RIE Etch Rate Test

Table A.3 Silicon oxide thickness measurement with ellipsometer before and after test RIE runs.

Before etch Ellipsometer at 70° Ellipsometer at 70°
laser angle: (A) laser angle: (A)
Sample 1: 2777 Sample 2: 217
5609 3084
8440 5880
11272 8712
After 1 min  Ellipsometer  Ellipsometer Ellipsometer  Ellipsometer
etch at 70° laser at 60° laser at 70° laser at 60° laser
angle: (A) angle: (A) angle: (A) angle: (A)
Sample 1: 1695 2006 Sample 2: 1867 2190
4527 4698 4698 4882
7359 7390 7530 7573
10190 10081 10362 10265

So tested PECVD oxide etch rate: ~1100 A /min (18.33 A /sec), or 110 nm/min (1.83 nm/sec).

Concerning the oxide thickness on wafer is approximately 0.9 pm (9000 A /900 nm), estimated
etching time (etching complete guaranteed) is ~8.5 min. PECVD oxide (silicon substrate) sample
did etch complete after 8.5 min.

However, different for wafers, after 20 min continuous etching, colorful oxide layer still can be
observed on metal pads, after another 10 min etch (total 30 min etching), pads are clear, and etch
is complete. Actual etching time maybe between 28 min and 25 min. There is still photoresist left
on the chip after 30 min of etching.

Possible reason for longer than expected etch time: photoresist residual on pads.
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Photoresist Stripping

Strip the photoresist mask for PECVD oxide etch.

1. AZ 9260 strip in AZ 400T stripper for 30 min at 80 °C (two bath, PTFE cassette).
2. Rinse in DI water five times.
3. Blow dry with Nitrogen.

SU-8 Trench Layer Patterning (Trench Mask)

Fresh SU-8 should be prepared in small bottle on the bench at least two days earlier to let it warm
up slowly and outgas.

1. Rinse wafers with DI water five times before this process to clean wafer surface.
2. Warm two hotplates: one hotplate to 100°C, one hotplate to 70°C.
3. Dehydration

a.
b.
C.

Place wafers to be processed in PP blue process carrier.

120 °C in convection oven for 20 min.

Use Teflon (white) wafer cassette. (Teflon is suggested, but pp (blue) is ok for
120 °C, though it will become soft after 20 min.)

4. Spin-coat negative tone photosensitive epoxy

a.

SU-8 3010 target thickness 5 to 6 |um coverage.

5000 RPM, 60 sec, low acceleration setting, acceleration = 0

Edge bead removal using Kimwipes (with Acetone) at 1000 RPM, set time = 0,
keep pressing to start the spinner.

After spin-coating, SU-8 surface should be rather smooth.

Actual photoresist thickness measured to be around 8.4 pm.

Cover wafer with a glass petri dish and let it sit on bench top overnight to relax,
and reduce internal stress.

After spin-coating, SU-8 surface should be rather smooth.

5. Softbake

a.

O o o0 o

Verify temperature with spot-check thermometer (+/- 2 <C)
Place wafer on 4-inch diameter, 2mm thick aluminum block
Hot-plate 70 <C for 10 mins, remove wafer and let cool 4 min.
Put wafer back on the hotplate for another 5-7 min.

Let cool 4 min.

After Softbake, SU-8 surface should be generally smooth.

During Softbake, bubble-like bumps may appear on SU-8 surface because of
photoresist outgasing, high bake temperature (95 <C), and/or high humidity. So
the only baking temperature chosen is 65 °C. That’s also the reason for fresh SU-
8 to outgas for 2 days before processing and overnight relax after spin-coating.
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6.

10.

11.

Mask Exposure

a. Warm up UV lamp by performing two 10 sec. exposures with no wafer

b. Load PDEP MEA TRENCH mask
Shiny side against metal holder / dark side facing you
Position mask with TRENCH text on top (i.e. away from you when mask is
loaded)

c. Carefully adjust height setting and record height setting

(200 for soda lime test wafers, 160 for quartz device wafers)
d. Align to the corresponding mask alignment mark on wafer
. Press HP (high performance) and Vacuum Chunk to ensure straight sidewalls.
f. Using dedicated UV filter for SU8,
expose each wafer for 20.00 sec @ 25 mW/cm?, (or 500mJ/cm?)
Post Exposure Bake
Place wafer on 4-inch diameter, 2 mm thick aluminum block.
Hot-plate 70 <C for 60 seconds.
Hot-plate 100 <T for 60 seconds.
Hot-plate 70 <C for 60 seconds.
e. Letcool 4 min
Develop
a. SU-8 Developer full strength.
Typically, use 200 ml in 2000 ml beaker
b. Submerge for 60 seconds and gently swirl.
Dry
a. Gently blow dry with nitrogen pointed at the center of the wafer.
b. DO NOT rinse in DI water.
Rinse & spin

a. Place wafer on spin-coater.

b. Using small pipette cover wafer with a puddle of fresh SU-8 developer, and wait
10 seconds.

c. Spin at 1500 RPM for 60 seconds to dry.

Inspection (optical microscope)

a. 2 pm trenches seem to have residue left, all the other trenches should look clear
if there’s Cr layer underneath. But 5 pm and 7 pm trenches still seem to have
residue if there’s only oxide layer underneath. Microchambers should be clear
with possible transparent residue on the edges.

b. If failure, SU-8 can be slowly stripped with oxygen plasma RIE as long as it has
not been hard baked.

oo o

Clean & Harden

1.

4 min oxygen plasma descum in RIE
50 sccm oxygen, 300W power, 300 mTorr pressure
SU-8 etched during this 4 minis 1.1-1.2 pm.
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2.

Hardbake 120 <T dehydration convection oven for 20 minutes.

Pad Etch

(This process should be performed after SU-8 patterning because SU-8 has poor adhesion on

gold)

Chromium Etchant is acidic and produces toxic fumes. Be careful. Check the MSDS.

1.

o

Place a small amount of Transene Chomium Etchant 1020 (prefer used etchant to fresh
etchant) in a glass petri dish. (Etching is very fast!)
Prepare a second dish or beaker with DI water.
Place the wafer (with SU-8 mask) in the Cr etchant and wait 10 seconds.
a. The pads will change from silver color to gold color. (Cannot be seen in etchant)
b. Remove the wafer and transfer immediately to the water bath
c. Do not over etch or the metal pads will start to peel off. (Cr etchant will
migrate through pin holes in the gold layer)
d. Cr etchant could also penetrate through pinholes in the oxide layer.
Rinse carefully in DI water 5 times.
Blow dry gently with nitrogen.
Inspect wafers under microscope to see if all the pads and open vias have been cleared. If
not, put the wafer back into Cr etchant for another 5 seconds. (Estimated total etch
time: 15-20sec)
If the undercut in PECVD oxide layer and SU-8 layer is properly controlled during
previous processes, the undercut (over etch) in Cr layer should also be very small and
acceptable.

Protection Layer & Wafer Dicing

1.

Dehydration

a. 120 <T in convection oven for 20 min.

b. Use Teflon wafer cassette.
Vapor prime

a. Process immediately after dehydration bake.

b. 10 min. in priming box with HDMS : Xylene in 1:1 ratio in the glass dish.

c. Use approximately 12 drops of each, total.

d. Start the UV light source for the aligner (20 min warm-up).
Spin-coat positive tone photoresist as protective layer

a. AZ 9260 target thickness 6 |uam coverage,

5500 RPM, 60 sec, low acceleration setting, acceleration = 20.

Softbake

a. Convection oven 95 <C for 15 min.

b. Let cool and rehydrate for 15 min.
Flood Exposure
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10.

11.

a. Warm up UV lamp by performing two 10 sec. exposures with no wafer.
b. Flood expose each wafer three times for 5 seconds at 25 mW/cm? with a 60
second wait between exposures.
Note: nitrogen bubbles will form in resist if exposure dose is too high
Wafer Dicing
a. Follow instructions from SFC cleanroom technician for dicing the wafer and use
8.000 mm for X-axis and Y-axis index. (Or send wafers out for commercial
dicing service)
Remove resist
a. Develop for 6-10 minutes in AZ 400K 1:4 mix with DI water with plastic tape
on.
i. Carefully handle wafer during rinsing, it can easily break into die pieces.
ii. Load a blank wafer directly underneath the diced device wafer (in the
same slot in the cassette) to provide mechanical support.
Rinse carefully in DI water 5 times.
Blow dry gently with nitrogen. (Be careful of the separated dies)
Remove residue.
There may be photoresist residue on die surface,
a. Prepare two petri dishes: one with acetone and one with IPA.
Soak wafer/die in acetone for 5-10 minutes to dissolve remaining resist.
b. Transfer wafer/die to IPA without letting any acetone dry on wafer (it leaves a
residue that is hard to remove).
c. Soak wafer/die in IPA for 5-10 minute.
Rinse carefully in DI water.
Blow dry gently with nitrogen.
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Appendix 111: DEP MEA Device Packaging Process

As has been briefly described in section 2.4, Side-Brazed Dual In-Line Ceramic Package DIP
(Spectrum Semiconductor Materials, Inc. CSB02491) was used for the device packaging process.
A three-mm-diameter hole was first drilled at the center, using a diamond tip, at SFC mechanical
shop of Lehigh University (Fig. 2.15(b)). After the DEP MEA chip is attached, with PDMS pad
underneath, to the DIP package, wire bonding is performed to connect the metal pads on the MEA
chip and headers on the ceramic package. A wedge bonder (Tempress Model 1100 with CoorsTek
2G30-2030 bonding wedge) and gold bonding wire (American Fine Wire Corp. 0.001 inch diameter,
99.99% gold with trace beryllium) was used for the wire bonding. The bonding diagram for first

generation of DEP MEA devices is shown in Fig. A.10.
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Figure A.10 Wire bonding diagram for 1* generation of DEP MEA chips in a 24-pin DIP package.
In addition to the 16 pad-to-header connections, header #3 on the DIP package is specifically
bonded to the metal skirt, which functions as the reference electrode, exposed to cell culture media.

For the first generation of DEP MEA chips, 16 wire bonding pads are connected to 16 electrodes
respectively, but no reference electrode/pad was designed; therefore, gold “skirt” on the ceramic
package was utilized as the reference electrode of the MEA, and it was specifically bonded to one
of the headers (header #3) on the package, as shown in Fig. A.10, above. 16 gold pads on the DEP
MEA chip, representing 16 electrodes, were bonded to 16 headers of the ceramic package,

respectively.

After wire bonding, the devices were encapsulated carefully, with Dow-Corning Sylgard 184
(silicon elastomer PDMS). A disposable 5 mL syringe was filled with liquid PDMS, and used with
a blunt needle to encapsulate each device. Special care was taken to apply the encapsulation
material only to the outer edges of the chip, covering the wirebonds while leaving the central area
open. Because liquid PDMS is self-leveling, small amount was dispensed and baked (65 <C, 20

min) to cure for repeated dispense-cure-dispense cycles.

A five-mm-thick PDMS mold was pre-cured inside a polystyrene petri dish lid (Corning 430165
35mm), with microfluidic Tygon microbore tubing (Cole-Parmer) embedded (Fig. 2.15(b)). A
square cutout (chamber) was made at the center of the PDMS mold, and attached on the DIP

package with uncured PDMS to form a neuronal culture chamber. This PDMS mold covers the top
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and bottom metal skirts of the DIP package, but leaves the left and right metal skirts open, exposed

to neuron culture media later, as the reference electrode.

For second generation of DEP MEA chips (section 2.3.2), four reference electrodes/pads were
designed; therefore, the corresponding wire bonding pads of the chip were bonded to four metal
headers of the DIP package (3, 9, 15 and 21), respectively. The wire bonding diagram for second

generation of devices is shown in Fig. A.11.
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Figure A.11 Wire bonding diagram for 2" generation of DEP MEA chips in a 24-pin DIP package.
In addition to the 16 pad-to-header connections, four headers (#3, #9, #15, and #21) on the DIP
package are bonded to the reference pads.

The metal skirts are wholly covered by the PDMS chamber mold, while glued onto the DIP package
with uncured PDMS, for the second generation of devices. Finally, a commercially available ITO
(Indium tin oxide)-coated cover slide (Sigma-Aldrich Co. LLC.), was used to cover the PDMS
chamber during the active neuronal recruiting process. The 1TO slides are connected to the ground

signal by gluing them to wires or probe tips with silver-filled conductive epoxy paste.
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Appendix 1V: Mouse Hippocampal Neuron Dissociation and Culture
Protocol

Primary mouse/rat hippocampus tissues are purchased from BrainBits, LLC. (Springfield, IL), and

more information about the neuron culturing protocol can be found on the website:

https://store-4bc41.mybigcommerce.com/primary-neuronal-cell-culture-protocol-from-hibernate-

tissue/

Generally, the process of culturing hippocampal neurons is to dissociate singular hippocampal
neurons from hippocampus tissue through chemical (Hibernate medium with papain solution) and
physical (triturating) methods, then seed the singular neurons onto different culture surfaces, as

shown in Fig. A.12.

Tissue Dissociation : Singular Hippocampal Neuron
= h _ _—
o —_’_ .y T
<& T

Figure A.12 Schematic diagram of culturing hippocampal neurons from rat hippocampus tissue.

Preparation

(1) Turn on the water bath and set at 30 °C.

(2) Take out (1) Hibernate E — Ca without B27 medium, (2) NbActiv4/NbActivl neuron
culture media, (3) Papain powder (Worthington Biochemical, NJ, PAPL, LS003119), and
(4) B27/Neurobasal + 0.5 mM glutamine + 25 uM glutamate (12 mL media provided by
BrainBits in a 15ml tube) from refrigerator.

(3) Put toolbox into hood with U.V. light on, including 2-3 15 mL Falcon centrifuge tubes.

(4) Make sure all the necessary material and tools are available. (This can be done days earlier)

Making papain solution:

(1) Get 5 ml (1) into a 15 mL Falcon tube.
(2) Prepare 10 mg (3) with an electric balance and weighing paper—0.010 g.
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(3) Mix the 10 mg powder into 5mL (1) (2 mg/ml), vortex for approximately 10 minutes (well
mixed until most solids are dissolved) and get the papain solution.

Filtering the papain solution:

(1) Pour the papain solution into a petri dish.

(2) Suck the solution with a syringe + syringe filter, leave the bubbles remained on the bottom
of the petri dish.

(3) Inject the solution into a new sterilized 15 mL Falcon tube, now the solution should be
approximately 4.5 mL. (Papain solution ready)

Dissociating hippocampus tissues:

(1) Flip the sample tube containing hippocampus tissues several times and dump all the tissues
and B27/Hibernate medium into a petri dish. (Make sure all the tissues are dumped out)

(2) Obtain the hippocampus tissues with a sterilized 9-inch Pasteur pipette (Fisher Scientific,
13-678-20C) and transfer the tissues to the papain solution prepared above.
(Avoid breaking up the tissues and suck as little medium as possible)

(3) Put the 15 mL Falcon tube into a 50 mL Falcon tube with approximately 20 mL sterilized
DI water inside, as shown in Fig. A.13.

50ml Faclcon™ Tube

Sterilized D] Water

———— 15ml Faclecon™ Tube
T ——— ___ Mouse Hippocampus Tissue in
Papain solution

Figure A.13 Schematic diagram of dissociating hippocampus tissues in Hibernate medium with
papain. To avoid contamination from the water in a water bath, a small tube (15 mL) with the
brain tissue was placed inside a bigger tube (50 mL) with sterilized DI water inside.
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(4) Make sure the water temperature is stabilized at 30 °C, put the 50 mL Falcon tube into the
water bath for 30 minutes (use glass beaker as a holder).

(5) Take out the tube from the water bath, usually the hippocampus tissues are now at the
bottom of the tube. Obtain the hippocampus tissue from the tube with another sterilized 9-
inch Pasteur pipette, and dispense it back into the petri dish with 2 mL B27/Hibernate
medium in step (1).

(6) Use 1 mL plastic pipette tip (P1000) to triturating until most of the tissue pieces are
dispersed. Be careful not to create bubbles.

(7) Transfer all the medium (with 1 mL pipette) with triturated tissues into a new sterilized 15
mL Falcon tube.

(8) Let undispersed pieces settle down by gravity for 1 minute, and transfer the supernatant
into a new sterilized 15 mL tube.

(This step can be skipped if all the tissue pieces have been dispersed or some tissue pieces
have been lost during the previous processes)

(9) Centrifuge at 200 g for 1 minute and discard the supernatant. Now the hippocampal neuron
cell pellet should be at the bottom of the tube.

Counting cells:

(1) Add 1 ml (4) (provided by BrainBits with hippocampus tissues) to resuspend the neuron
cell pellet.

(2) Counting neuron cell density using a hemocytometer. (10 uL cell solution + 90 pL trypan
blue, C=X*10°/mL )

Seeding cells:

(1) Add 3 mL (2) NbActiv4/NbActiv1 into cell culture petri dishes or 1 mL (2) into packaged
DEP MEA devices, and seed hippocampal neurons according to desired density. For
hippocampal neurons,

a. The normal volume seeding density is 1.0 x 105/ mL.
b. The normal area seeding density is 1.6 x 10%/ cm?.
(2) Incubator condition set: 37 °C, 5% CO..

Primary Astroglial Culture

(1) The tissue dissociation process for glial cell culture is the same as for neurons. After
centrifugation, the astroglial cell pellet is resuspended in 1 mL glial cell culture media
NbASTRO.

(2) The glial cells are also seeded on different culture substrates, such as petri dishes and poly-
d-lysine (PDL) coated cover slides, according to desired seeding density. Glial cells are
normally cultured at 7.5 x 10%/cm?,

(3) Incubator condition set: 37 °C, 5% CO.. Glial cells will be 80-90% confluent after 10-14
days, and ready to harvest/pass.
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Appendix V: Immunocytochemistry (ICC) Neuron/Glial Staining
Protocol

General overview of ICC cell/tissue staining procedure (direct/indirect)

1. Fixation: In order to maintain the integrity of the cells (keep expression of cells), the cells’
proteins must be chemically cross-linked in a formaldehyde, ethanol or methanol solution.

2. Permeabilization: In order to poke holes in the membrane of cells to allow antibody (Ab) to
penetrate into cell body. Solutions such as light detergent are usually used. This step is not
needed if the binding protein is on the surface of the cell.

3. Blocking: In order to decrease non-specific binding of Ab (increase signal-to-noise ratio),
blocking is performed through the treatment of a high protein solution. The species of the
second Ab must be known in order to determine the appropriate blocking agent.

4. Ab incubation: incubation of cell sample with direct or indirect staining Abs.

Direct ICC -2 Rinse 2 Visualize
Indirect 2Rinse »Second Antibody 2Rinse »Visualize
5. Notice: Special care should be taken while changing media between various steps, to avoid

neurons being blown away.

Detailed neuron/glial 1CC staining protocol

1. Add 3.7% formaldehyde (dilute from 37% stock with PBS) or 4% paraformaldehyde (also
diluted with PBS), to completely cover the chip/slide sample that will be stained for the glial
fibrillary acidic protein (GFAP) and/or neuronal B-tubulin. Let sample soak in solution for 20
minutes -1 hour.

GFAP is expressed in glial cells, whereas B-tubulin is expressed in neurons. Make sure the
paraformaldehyde and formaldehyde is disposed of in the formaldehyde waste container next
to the sink (brown bottle).

2. Rinse samples in PBS (phosphate buffer saline) twice for five minutes each time. Note the
PBS doesn’t need to be sterile.
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10.

Pipette 0.1% Triton X-100 so the chip/slide sample is completely covered for 15 minutes.
Note that the Triton (light detergent) can be reused (centrifuge tube in the refrigerator for
used Triton X-100).

a. This step is for permeabilization.

Rinse samples in PBS twice for five minutes each time.

Add 10% Normal Goat Serum (NGS) so the chip/slide sample is completely covered for 15
minutes. Note that the NGS can be reused (centrifuge tube in the refrigerator for used NGS).
a. This step is for blocking.
b. NGS was changed to 0.01% Triton X-100 in 1% bovine serum albumin (BSA) in
most of the later ICC procedure.

Rinse samples in PBS twice for five minutes each time.

Add o-GFAP to the glial staining sample (1:500 dilution with 10% NGS) and a-f tubulin to
the neuron staining sample (1:1000 dilution with 10% NGS) and incubate overnight at 4°C
(refrigerator). a-GFAP and a-f tubulin can both be added for simultaneous glial and neuron
staining.
a. 10% NGS was replaced with 0.001% Trition-X100 in 1% BSA for most of the later
ICC experiments.

If the small circular glass cover slide sample is used in the experiments, the antibody solution
(50 pL) can be pipetted onto a piece of parafilm in a petri dish, and the slide can be placed
over the antibody solution (cells facing down immersed in liquid), with a damped paper
towel attached in the dish lid. (Ab incubation can also be performed at 37°C for 1 hour or
room temperature for 4 hours, depending on the temperature).

After Ab incubation, rinse samples in PBS twice for five minutes each time.

At this point, if using direct primary fluorescent a-f tubulin and/or a-GFAP Abs, the sample
is ready to be visualized. View under a fluorescent microscope (green filter for neurons, red
filter for glial cells) with some PBS covering the chip/slide sample.

If using indirect Ab staining, such as the situation described as follows, after the a-GFAP

(primary Ab) staining sample has been rinsed in PBS, add Goat a-Rabbit 2° Alexa 488

(GAR-488) at a 1:50 dilution with PBS. As described above (step 7), if the a-GFAP staining

sample is a coverslide in the experiment, the secondary antibody solution can be added onto

a parafilm piece in a petri dish, and the sample slide can be placed over the antibody solution

(cells facing down immersed in liquid), with a damped paper towel attached in the dish lid.

a. Because Goat a-Rabbit 2° Alexa 488 (GAR-488) is used as the secondary Ab, whose

species is goat, 10% Normal Goat Serum (NGS) is used as the blocking agent, which
is from the same species.
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11. Incubate the secondary Ab for 30 minutes at 37°C. (unsterile incubator)
12. Rinse samples in PBS twice for five minutes each time.

13. Visualize sample under a fluorescent microscope (green filter for neurons, red filter for glial
cells), with some PBS covering the chip/slide sample.

Note: In most of the later experiments, primary antibodies, including Alexa Fluor-labeled,
monoclonal neuronal class 111 B-Tubulin (TUJ1) (Covance; 1:500, in PBS containing 0.01%
Triton X-100 and 1% BSA) and mouse monoclonal, Cy3-labeled, anti-glial fibrillary acidic
protein antibody (GFAP-Cy3, 1:500, in PBS containing 0.01% Triton X-100 and 1% BSA,

Sigma-Aldrich), were used for direct neuron and glial ICC, respectively.

DAPI nuclei staining for individual cell recognition

If individual cells (neuron or glial) need to be identified, DAPI (4',6-diamidino-2-phenylindole)

staining will be performed, which binds strongly to DNA.

1. DAPI (4',6-diamidino-2-phenylindole) diluted at (1:1000) 2 mg/ml concentration with
PBS or DI water.

2. Sample immersed in DAPI solution for 2 min.
3. Rinse sample with PBS twice (5 min each).

4. Cover sample with PBS and visualize under a fluorescent microscope (blue filter).
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Appendix VI: Live/Dead Cell Staining Protocol

1. Make up the stain solution.

The live stain is Calcein AM and the stock concentration of the vial is 4 mM. The working
concentration is 2 M or a 1:2000 dilution of the stock (for every 2 mL of stain solution, add in 1
L of the stock). The dead stain is Ethidium homodimer, the stock is 2 mM and the working
concentration is 1 M (again a 1:2000 dilution).

2. Remove cell culture media from the sample. Rinse gently with PBS one time.

3. Pipette stain solution to cover the sample. Cover with a box or put in a drawer for 15 minutes
(room temp).

4. Remove stain solution and replace with fresh cell culture media.

5. View under epifluorescence and capture images. (Each stain excites at a different wavelength
Calcein AM emits green light and Ethidium Homodimer emits red)
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Appendix VI1I: Preliminary pDEP Cell Trapping Experiments and
Microstructure Cell Patterning Study

Before the DEP MEA device design, in order to explore the active recruitment of cells to electrodes
with positive DEP, and to investigate the efficacy of cell patterning with microstructures, we have
designed and fabricated a specialized multi-electrode array test device. The material structure and
fabrication process of this test device is the same as the DEP MEA chips. The fabricated MEA test
device is shown in Fig. A.14, it has one “big” square electrode and individual electrode sites and
arrays are defined by 64 silicon oxide open vias, as well as SU-8 microchambers at the central area
(black circle). Four metal pads at the edge connected to the square electrode are for DEP electric

signal connection, as two of them are shown in Fig. A.14.

Figure A.14 Optical view of fabricated MEA test device and a close-up view of the central 8 x 8 =
64 electrode array area. Each electrode site is defined by a silicon oxide open via and a SU-8
microchamber on top of it. Four metal pads at the edge, connected to the square electrode, are for
the application of DEP electric signals through probe tips. (Scale bar is 100 pm)
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This simplified MEA test device, compared to the DEP MEA, has essentially the same single-
electrode structure, and field distribution when electric potential is applied to the square electrode.
It can be easily utilized for pDEP cell recruiting experiments on a probe station, without device
packaging process. The experimental setup, similar to Fig. 4.3 (a), is shown in Fig. A.15, where
two metal pads on the test chip are connected through probe tips to 10 Vpp AC sinusoidal wave,
and two probe tips for electric ground are immersed in the trapping solution. The test chip is

attached to the bottom of a 35 mm petri dish, which is stabilized on the probe station with a vacuum

pump.

Figure A.15 pDEP cell trapping experiment setup with a MEA test device on the probe station. The
glass cover slide sitting above the petri dish is utilized to stabilize the liquid media during
experiments.

In this preliminary cell trapping experiments, the DEP trapping solution that we utilized consisted
of 10% sucrose (w/v in deionized water):cell media at 9:1 ratio. Based on DEP spectra Maple
simulation for different type of cells, 2 MHz AC electric signal was chosen to obtain the maximum
pDEP effect. Mouse fibroblast cells (NIH3T3) and mouse hypothalamic neurons (GT1-7), both are
immortalized cell lines, were used in the cell trapping experiments, and the final pDEP cell trapping

results are shown in Fig. A.16.
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Figure A.16 NIH3T3 (a) and GT1-7 (b) pDEP cell trapping results on MEA test devices. Red circles
indicate unoccupied electrode sites. Scale bar is 100 pm.

Cells were pipetted into the petri dish, and settled down on the test device surface before they were
trapped onto the electrode sites. For NIH3T3 cell trapping, as can be seen in Fig. A.16(a), 58 out of
the 64 electrode sites have been occupied, among which 48 electrode sites were occupied by single
cell only, resulting in a 90.6% occupancy ratio and a 75% single-cell trapping ratio. Similar result
was also achieved with GT1-7 cells (Fig. A.16(b)), where 60 out of 64 electrode sites have been
occupied by GT1-7 neurons, among which 53 electrode sites were occupied by single cell only,
resulting in a 93.7% occupancy ratio and a 82.8% single-cell trapping ratio. In addition to verifying
precise active recruiting of cells with pDEP, this result is also significant for our ultimate goal of
having a one-to-one neuron-to-electrode correspondence in MEAs and neuronal signal recording

with reliable cell origin.

In order to find the optimal SU-8 microstructure design for single-cell patterning, GT1-7 neurons
were cultured on MEA test devices with microchambers and microtrenches, but without
implementing active trapping. The intention was to investigate the relation between different

microchamber diameters and cell occupancy ratio (Fig. A.17). Neurons anchored in microchambers
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were counted after cell plating. The neurites anchored inside and crossover (extended out of)
microtrenches were also counted after one day of culturing (DIV.1), as shown in Fig. A.18. It can
be seen that chambers with 30 pum diameter are the best option for GT1-7 single-cell occupancy, and
trenches with 7 um width are the best for guiding GT1-7 neurites and not allowing cell bodies to
anchor inside. It is observed in our experiments later, that different kinds of cells/neurons have

different preferences for optimal microstructure designs.

S0.00%

# Mo cell ®One cell “WTwocells BxThree cells

30.00%

T0.00%

60.00%

50.00%

40 .00%

30.00%
20.00%

10:00%

ERNINE

Figure A.17 Cell occupancy vs. microchamber diameter for GT1-7 cells.
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Figure A.18 Neurite anchoring ratio vs. microtrench width for GT1-7 cells.
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