THREE-DIMENSIONAL CELL-BASED PLATFORM (MICROWELL-NEJRAL STEM
CELL) FOR SCREENING COMPOUNDS AGAINST CONNECTIVITRELATED
TARGETS
by
LINA WANG

(Under the Direction of William S. Kisaalita)

ABSTRACT

A three-dimensional (3D) cell-based platform foghrithroughput screening (HTS)
was developed. This platform was comprised of riestean cell (NSC)-derived neural

networks in interconnected microwell structures.

To apply SU-8 microwell structures for human nestam cell (hNSC) culture, SU-8
microstructures were modified to be biocompatilolelfNSC culture. Then hNSCs
locomotion within SU-8 microwells was studied byé-lapse recording. Combining
fluorescent dyes and confocal microscopy, cell holgpgy, cytoskeleton organization and
resting membrane potentidl{) were measured for cells on 2D flat surface antdiwiSU-8
microstructures. Microwell architecture affected3@morphology, cytoskeleton
organization as well a4, establishment in a quasi-3D manner, which is cbest with other
2D/3D comparison studies. This study moves onefswyard in combining hNSCs and

microwell structures to form a quasi-3D neural r@tnfor drug screening.

To apply microwell-hNSC platform for HTS, micropaths were fabricated in nano-
fibrous poly-L-lactic acid (PLLA) films by laser miomachining and the resulting scaffolds

were characterized with respect to architectuerntial, mechanical and mass transport



properties. Also, hNSCs were successfully cultunetiese micropatterned nano-fibrous
scaffolds (MNFSs). The scaffolds were incorporateligh-density well plates (e.g., 96-well
plates), creating a platform for HTS of drugs wattysiologically more relevant neural

networks.

To establish a protocol for hANSCs synaptic develepnm early differentiation,
ginsenosides Rgl and Rb1, major pharmacologicatlyaingredients from Ginseng, were
applied in the differentiation media for ANSCs,athger with brain-derived neurotrophic
factor (BDNF). Cell locomotion and neurite extemsigere observed by time-lapse
microscopy and analyzed by ImageJ software. Theegsn of synaptic formation was
confirmed by immunostaining of synaptophysin (SYa¥and the co-localization of synapsin
| and microtubule associated protein-2 (MAP-2). ifsshave shown that administration of
BDNF/ginsenosides (Rgl and Rb1) combination inedéhtiation medium promoted cell
survival, enhanced neurite outgrowth and synaptdkar expression during differentiation.
High cell density promotes synaptic marker expmsg BDNF/ginsenosides combination

medium.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

We are interested in developing a three-dimensional (3D) neural network-based assay for
high-throughput screening (HTS) of compounds against mental and neurodegenerative
disorders. Mental and/or neurodegenerative disorders are among the most devastating
illnesses; however, there are few effective drugs for such diseases (Seow et al., 2007). For
example, currently used drugs for schizophrenia still have shortcomings (Javitt et al., 2008);
Ziprasidone, a FDA approved drug for treating schizophrenia since 2001, may cause severe
side effects such as seizures, irregular heartbeat and so on. Effective drug discovery against
these disorders is in great demand, which calls for novel HTS assays for screening available

molecular libraries to identify more effective small molecules as drug leads.

Synaptic function and neurotransmission system, which underlie neural network
connectivity, are involved in biological mechanisms for mental and neurodegenerative
disorders (Cutler et al., 2001; Law et al., 2004; Meador-Woodruff et al., 2003; Hashimoto et
al., 2007). Susceptible genes for schizophrenia, sublysigndin (Dickman and Davis,

2009),Neuregulin-1 (Wen et al., 2010) andISC1 (Kim et al., 2009; Enomoto et al., 2009)



have been associated with network connectivity.sT heural networks may act as an
effective platform for screening available molecuilararies. Upon drug exposure, the
changes in network connectivity are usually comgoaimd concentration specific (Gross et
al, 1995; Gross et al, 1997) and depend on the aunftsynapses per cell, as well as the
state of cell maturation (Maeda et al., 1995; O’'®van, 1999). The ability to genetically
engineer synaptical model cells (Dreosti et alg2Migita et al., 2009) and the use of
optical detection methods in most HTS formats malegal networks formeieh vitro
attractive in drug discovery (Chiappalone et @03. Howeverin-vitro screening of drugs
that affect neural network function vivo is still primitive as current assays rely on seng|
cellular responses from two-dimensional (2D) celtwes (Jordan et al., 2007).
Three-dimensional (3D) cell-based assays may yibysiologically more relevant results
(Cukierman et al., 2001; Kunz-Schughart et al. &200ueller-Klieser, 2004; Liu et al.,
2007), and thus have the potential to bridge thelgaween 2D assays and preclinical
animal testing, saving time and cost by reducingmound attribution. Thus, we aim to

engineer a 3D neural network-based assay for HTBug discovery.

1.2 Specific Objectives

As a first step in providing a 3D cell-based matfi for HTS, comprised of neural stem
cell-derived neural networks housed in intercone@chicrowell structures, we have worked

on the following specific objectives:

Objective 1. Optimizing the architecture of interconnected noweells microstructures for 3D

microenvironments. We started with SU-8 (epoxy-dasegative photoresist)



microstructures. Neural stem cells (NSCs) werggatted with SU-8 microstructures with
different structural parameters (i.e. well sizearel width and length). The
cell-microstructure interaction was studied witegect to morphology, cytoskeleton
organization and cell locomotion during the firdtf®ours of plating. This study provides a
better understanding of the relationship betweesrastructure architecture and the resultant

quasi-3D neural network formation.

Objective 2: Integrating 3D interconnected microwell microstires with currently used
HTS systems (e.g. 96-well plates) for neural nekvamtivity readout. We fabricated
poly-L-lactic acid (PLLA) micropatterned nano-fiue scaffolds (MNFSs) for neural
network formatiorin vitro. And we integrated the MNFSs with 96-well plates a
established the feasibility of stimulating neuratworks by chemical means in this platform

for neural network activity readout.

Objective 3: Establishing a NSC differentiation condition faeeural network connectivity
development, reflected by synaptic formation. Wpleved the effects of
BDNF/ginsenosides (Rgl and Rb1) combination on hd&#€rentiation. We also studied

the effects of cell density on hNSC differentiatiith respect to synaptic formation.



1.3 Significance

The novelty of the project lies in combining telds of material science/engineering
and biotechnology to create a neural netwanktro that will more closely emulate the
in-vivo counterparts and be more amenable to integratiexisting HTS instrumentation
formats (e.g., 96-well plates). The successful en@ntation of the project provides a better
understanding of the role the architecture of lagpect-ratio structures in NSC growth and
differentiation. It also provides a way to utilix(SCs as an unlimited cell source in
assay/biosensor technology, and establishes preesthr creating controllable neural

networksin vitro.
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CHAPTER 2

LITERATURE REVIEW

2.1. 3D Cultures are Physiologically More Relevant

Direct and indirect evidence, in support of the notion that biological activity of 3D
cultures may more closely mirror what happemngvo, has appeared in the literature for the
past three decades (Cukierman et al., 2001; Liu et al., 2007). This is probably best
exemplified in the field of experimental oncology that adopted 3D multicellular tumor
spheroids (MCTS) to mimim vivo situation (Mueller-Klieser, 2004; Kunz-Schughart et al,
2004). Multicellular spheroids have been able to fully recapitulate the multicellular mediated
drug resistance of EMT6 tumors (Graham et al., 1994), which was inherently indwoex
but completely lost when cancer cells were dissociated and cultured in monolayers. Weaver
et al. (1997) have been able to show the phenotypic transformation of malignant cells in a 3D
collagen gel configuration upon treatment with integrin antibodies, while this has never been
possible in monolayer cultures. In another study, two tumorigenic cell lines (HT-1080
fibrosarcoma and MDA-MB-231 carcinoma) showed protease-independent amoeboid
movement within 3D collagen matrix (Wolf et al., 2003). This challenges the traditional
screening for anti-metastatic agents against proteolytic activity with 2D monolayer cultures,
and 3D spheroids should become mandatory test systems in cancer therapeutic screening

programs.



For voltage-gated calcium channels (VGCCs), MartiRena et al. (2002) used
microelectrodes to examine which types of highghoéd C&" channels are activated by
depolarization of intact (3D) and dissociated (npathetic neurons from adult mouse
superior cervical ganglia. Marked differences wasserved in specific channel (N-type,
P/Q-type, and L-type) currents between 2D and 8Bdihg to the conclusion that traditional
2D culture of sympathetic neurons results in bimabactivity that only partially reflects the
situationin vivo. Also, modified expression and regulatory progsrtif VGCCs were
observed in neonatal rat myocytes cultured on atiggnd flat thin collagen gels and the

changes were attributed to differences in cell si{@galsh and Parks, 2002).
2.2. Microfabricated 3D Cell Culture Systems OffeMany Advantages

To date, approaches to culturing cells in 3D miox@@nment include: multicellular
aggregates (Albrecht et al., 2006; De Bank efal7), nanofibers (Matthews et al., 2002),
polymer scaffolds (Drury and Mooney, 2003; Levegpbetral., 2003; Cheng et al., 2008) and
microstructured substrates (Wu et al., 2006; Warad.£2009). Multicellular aggregates have
become a predominant approach for creating 3D miorioconment for cancer cells, which
offers significant advantages in the research mitubiology and therapeutics over 2D
culture systems (Kunz-Schughart et al., 2004; Badetter et al., 2005). Electrospinning is
an efficient fabrication process that uses an etefi¢ld to control the deposition of polymer
fibers onto a target substrate, which leads to éexpgeamless, 3D structures. The fiber
diameters can be well controlled from several nisrdown to 100 nm or less. Consequently
these fibers have a large surface area per ung.rbepending on the specific polymer being

used, a range of fabric properties can be achiestedh as strength, weight, and porosity. The



structural, material, and biological propertieelgctrospun scaffolds suggest that they may

represent a nearly ideal engineered scaffold filbesed biosensor.

With the development in tissue engineering, polystaffolds have become appealing
3D cell culture systems vitro (Cushing and Anseth, 2007) and promising platfan8D
cell-based biosensor (O’Connor et al., 2000a; Mablkisaalita, 2004). However, these
polymers have several limitations. First, it iffidiilt to guarantee precise control of the
aspect ratio (height over width) with these streesu Second, limited mass transportation in
scaffolds affects nutrient supply, waste drainawg @rug exposure. Third, the properties of
polymer scaffolds may limit the extent to whichiopt or electrical detection may be

applicable.

With the advancement in the field of semicondud&wices, the techniques for
fabricating micro-structured substrata are now lyigleveloped (Weibel et al., 2007).
Microfabrication, which can produce a miniaturizewgxpensive platform for
“cell-culture-on-a-chip”, offers unique opportueisi for engineering a 3D environment for
cell culture and other cell-based microdevicesKRad Shuler, 2003; Li et al, 2003;
Tourovskaia et al., 2005; Koh and Pishko, 2006gh-aspect-ratio micropatterns have also
been proposed and applied to study cell growtferdihtiation and function in a 3D

microenvironmentn vitro (Chin et al., 2004; Hung et al., 2005; Wu et 2006).

In comparison with other 3D cell culture systemsrfed from polymers, microfabricated
patterns have many advantages. First, the techhigsi®een well developed. The aspect ratio

can be well controlled in the fabrication procesd the fabrication of microstructures can be



scaled up to meet the need of HTS. Second, miaaistes can be compatible with optical as
well as bioelectrical analytical methods. Thirdlikecells embedded in polymer scaffolds,
cells cultured in microstructures are better exddsegrowth media and drug supply; thus the
mass transportation limitation problem can be minéd in the microfabricated patterns,
which is an essential aspect in HTS. Fourth, miaidic devices can be built on
microstructures, which can provide a dynamic minx@@nment for cell culture (Hung et al.,
2005). In addition, the microwell and channels awiimg microwells, as proposed in this
study, can provide guidance for neural cell groank neural network formation. It is
possible to guide neural cell growth through tmacttires and obtain controllable neural
networksin vitro. Thus these microstructures possess a unique @deaaver all other 3D

cell culture systems with regard to neural netwforknation.

2.3. Susceptible Schizophrenia Genes Promote Drugdoovery for Schizophrenia

Schizophrenia is one of the devastating mentardéss, and affects 1% of the world
population. It is difficult for people with schizbpenia to tell the difference between real and
unreal experiences, to think logically, to havernakremotional responses, and to behave
normally in social situations. It is a complex dise, and multiple factors, such as biological
factors and environmental factors, can trigger ithiess. Even though the causes of
schizophrenia are still unknown, treatments aréala which focus on elimination the
symptoms of the disease. Among these treatmerttpsgohotic medication is one effective
way. Antipsychotic medications have been availabiee the middle of 1950’s and these
commonly used drugs include clozapine, ziprasidofazapine and so on. However, these

drugs still have shortcomings; for example, Zipdase (Geodon), a FDA approved drug for
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treating schizophrenia since 2001, may cause sewdgeffects such as seizures, irregular
heartbeat and so on. Clozapine (Clozari) is arctffe medication that treats psychotic
symptoms, hallucinations, and breaks with reabityt, it can sometimes cause a loss of white
blood cells. Thus, effective drug discovery agathi disorder is in great demand. With the
development of schizophrenia genetics researchui&id.1), susceptible schizophrenia genes
have been discovered, which provides potential thegets for drug discovery. These
susceptible genes inclufgsbindin, Neuregulin-1 (NRG-1), Disrupted-in-Schizophrenia 1
(DISC1), Regulator of G protein signaling 4 (RG4), Catechol-o-methyltransferase (COMT),
proline dehydrogenase (PRODH) and so on (Gogos and Gerber, 2006; O'Tuathaigh,et a
2007). In the target-driven drug discovery paradigovel assays compatible with high
throughput screening (HTS) are the state-of-arséweening available molecular libraries to

identify more effective small molecules as drugikea
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Figure 2.1. Flow diagram of the schizophrenia gesetsearch process and its potential
application to drug discovery. It shows a comprehensystem with which to identify the
genes and molecular pathways involved in schizapaneathogenesis. This knowledge base
provides a framework for target-driven drug-disagvefforts (Gogos and Gerber, 2006).

2.4. Neural Networks Provide an Effective Platfornfor Screening Available Molecular

Libraries in Schizophrenia Drug discovery

Synaptic functions (e.g. presynaptic proteins agbynaptophysin, postsynaptic
proteins such as MAP-2) and neurotransmission syss(e.g. metabotropic glutamate
receptor 5 (MGIuR5), N-methyl-D-aspartic acid reoep(NMDARS), gamma-aminobutyric
acid receptors (GABARS)), which underlie neuralwaak connectivity, are involved in
biological mechanisms for mental and neurodegeiverdisorders (Cutler et al., 2001; Law

et al., 2004; Meador-Woodruff et al., 2003; Gogond &erber, 2006; Hashimoto et al., 2007,

12



Wang H et al., 2009). Susceptible genes for schimpa, such aBysbindin, NRG-1, DISC1,
RG$4, COMT and so on, have been associated with synaptitiéunand neurotransmission
systems (Table 2.1). Studies have shown that disteatween the neuronal assemblies
communicating with each other affect network oatiitin frequency (Ford et al., 2007),
which is an important biomarker for schizophreiiiaken together, network activity could be
applied to develop assays for screening compougaisst mental and neurodegenerative
disorders. Upon drug exposure, the changes in mket@amnectivity are usually compound
and concentration specific (Gross et al, 1995; &atsl, 1997) and depend on the number of
synapses per cell, as well as the state of celliratidn (Maeda et al., 1995; O’'Donovan,
1999). The ability to genetically engineering sytiagd model cells (Dreosti et al., 2009;
Migita et al., 2009) and the use of optical detatinethods in most HTS formats makes
controllable neural networks forméavitro attractive in drug discovery (Chiappalone et al.,

2003).

Table 2.1. Summary of schizophrenia susceptibjéges and their function related to neural
network connectivity (O'Tuathaigh et al., 2007).

Gene Location| Function

NRG-1 8p21-p22| Synapse formation, neuronal migration, synaptistpldy; Regulation of (1)
NMDA & AMPA receptor function (2) NMDA & GABA recejor subunit
expression

RGS4 1921-g22| Regulation of G protein-coupled receptors

Dysbindin | 6p22.3 Regulation of synaptic structure and sigmall

DISC1 1q42 Neuronal migration, neuronal differentiation

COMT 22911 Involved in DA metabolism, particularly ifital cortex

PRODH | 22g11 Regulation of cortical Ach function, metabolic puesor of glutamate in
subpopulation of glutamate neurons

13



2.5.1n-Vitro Neural Network Formation

Commonly used methods to form neural netwankgtro can be categorized into the
following three forms: random forming, chemicaltpahing, and structural guiding (Kane et
al., 1999; Craighead et al., 2001). Though randdoryed neural networks provide a useful
method for studying the physiology of neurons Biraplified environment, they are not easy
to manipulate. Chemical patterning can control akcell growth. Microlithographic
materials and techniques (Nicolau et al. 1999)roaiontact printing (Vogt et al., 2005;
Zhang et al., 1999) and self-assembled monolayarssaf et al., 2001) are mainly used to
tailor the properties of the substrates for paitgrmeural network. Topographical structures
can provide physical guidance for neural networknationin vitro. Micropatterned
substrates have long been considered a promisprgagh for the creation of defined
neuronal networka vitro. Unlike chemical patterning, high-aspect-ratio mogtructures are
thought to provide quasi-3D microenvironments feural cell growth and neural network
formation (Wu et al., 2006b; Wang et al., 2009)cistructures made of agarose (Suzuki et
al., 2004.), PMDS (Griscom et al, 2001) and SU-&i@/kand Fromherz, 2005) have been

reported to control neuron outgrowth and synaps®dtionin vitro.

In this project, substrates were fabricated from8id guide neural network formation.
SU-8, which is an epoxy-based negative photoresastform a film with a thickness from
1pm to 200pm with the spin coating processes. Faamsbe processed with
photolithography to pattern high-aspect-ratio (>&@)ictures with high optical transparency,
straight sidewalls, and excellent thermal stabil8y-8 is commonly used in fabrication of

microfluidics and microelectromechanical system WH parts (Chung et al., 2005; Gross
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et al., 2007). Also, SU-8 microstructures are adesd a novel platform for integrating with
cell culture and studying cell fate vitro (Chin et al., 2004; Wu et al., 2006; Wang et al.,
2009). SU-8 fabricated high-aspect-ratio microstries have been characterized and applied
to integrate with human neuroblastoma cells (SH8)Y®Vu et al., 2006; Wang et al., 2009).
These studies showed that high-aspect ratio SUeBostructures are not merely “folded 2D”
structures; instead, these structures provide adlifferent microenvironment as compared

with 2D substrates which affect cell growth andegiéntiation in a 3D manner.

2.6. Evaluation of Neural Network Connectivity

Development ofn vitro systems in which neural network formation can @etilled
and neural network functionality can be semiquatifs applicable in cell-based biosensors
which target neural network function. In functioma&lural networks, neurons communicate
and influence other neurons through synapses. Caongation across synapses is mediated
by the release of neurotransmitters from the pragsiyn terminals that influence the
excitability of postsynaptic neurons by activatspgecific receptor ion channel molecules.
Synapse formation is a critical event in the esghbient of functional network. Proteins on
the surface of the synaptic vesicle in the presijodg@rminal evidently mediate this process
and these proteins have been considered as méoksgmapse formation (Stidhof and Jahn,
1991; Serpinskaya et al., 1999). In these studies/napse formatioim vitro,
double-immunostaining for synapsin | and microtebassociated protein-2 (MAP-2) can
identify both pre- and postsynaptic specializativa et al., 1998; Liu et al., 2000).
Synaptophysin is another marker protein of the giioaesicles, the expression of which

marks the synaptic differentiation of neural pratgmrcells with the capability of forming
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synaptic connection (Kim et al., 2005). Also, iays essential roles in synaptic plasticity
(Fletcher et al., 1991; Janz et al., 1999). Flumerse imaging of presynaptic uptake and
release of styryl dyes such as FM1-43 has provaduhble insights into synaptic function

(Pyle et al., 1999; Kay et al., 1999).

For neural network functionality evaluation, immsteaining for synapse formation is
not sufficient and network connectivity establisminean provide further evidence. Neural
network connectivity can be characterized by sigmapagation through networks, and it is
suggested that successful signal propagation beemg¢twork depends on the number of
synapses per cell, the synaptic density and stateturation, the degree of process
extension and cell excitability (Maeda et al., 1;999onovan, 1999). Electrophysiological
measurements made with micropipette electrodesmacmfabricated electrode play an
important role (James et al., 2004; Giugliano £t24104; Merz and Fromherz, 2005) in
understanding signal propagation and network cdivigchas been monitored by electrical
recording to evaluate the network functionality {Muaoto et al., 1998; O’Shaughnessy et al.,
2003; Moe et al., 2005). However, this method iBdilt to integrate with current HTS
platforms. With the help of the calcium fluorescemicators, optical monitoring of calcium
transients has become another powerful approacigonal observation and detection (Jimbo
et al, 1993; Meyer and Teruel, 2003). The rapidcetigyment of calcium imaging techniques,
which enable optical monitoring of neuronal elawtiactivities, enables the application of
neuronal networks as a cell-based biosensor HTi®pta One of the advantages of optical
monitoring is that it enables simultaneous recadihlarge number of cells within neural

networks with no need for specific instrumentation.
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2.7. Stem Cells Present Powerful Tools in Drug Disgery

Currently used cell sources for neural cell-bassaygs in drug discovery include
primary neural cells, neuroblastoma cells, and stelts (SCs). The use of these primary
cultures is accompanied by excessive animal seerifnd frequent cell isolation, which can
be cost prohibitive. The use of neuroblastomalicedk offers advantages over primary neural
cultures due to the unlimited expansion of the tigemic cell populations. However, the
formation of the physiologically relevant neuratwerks with these cells is less desirable
due to cellular abnormality (Banker and Goslin, 80®lternatviely, SCs proved powerful
tools in drug discovery as well as in cell ther@ggause of their ability to self-renew and
their potential to form all cell lineages in thedygConley et al., 2004; Crook JM, Kobayashi,
2008; Shi, 2009; Marchetto et al., 2010). Spedificghey maintain developmental potential

to form neural cells (Bain et al., 1995; Shin et 2005).

Human embryos are the main sources for producingainupluripotent stem cells
(hPSCs) that are genetically unmodified so faredative methods for producing hPSCs
include somatic cell nuclear transfer or therapecitining (Figure 2.2). However the
therapeutic application of either approach has lee@eriencing both ethical and technical
difficulties (Koch et al., 2009). Reprogramming hamsomatic cells into induced pluripotent
stem cells (iPSCs) without the need of embryogggsevill solve the technical and ethical
problems. Furthermore, iPSCs from patients carabient-specific and disease-specific. And
Figure 2.3 presents application of iPSC-based dése@deling in drug discovery as well as

in cell therapy.
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Figure 2.2 Schematic illustration of stem cell-thdessease modeling and drug discovery. A:
Human embryonic stem cell disease-models can paligrite produced by: (i) targeted gene
disruption of cells derived from healthy blastosy4ti) cell line isolation from congenitally
defective preimplantation embryos identified byipnglantation genetic diagnosis, or (iii)
cell line isolation from blastocysts produced bynstic cell nuclear transfer. B: Human adult
stem cell disease-models can be derived by: @etad gene manipulation of cells from a
healthy donor, or (ii) cell line isolation from atgent. C: Human induced pluripotent stem
cell disease-models can be produced by reprograghsamatic cells from either a healthy or
patient donor, with the former requiring targetethg disruption to mimic mutations relevant
to a disease state. High throughput screeningropooind libraries with undifferentiated
stem cells and their neural derivatives is subsatfjuperformed to assess the efficacy
(including toxicity and other undesirable effea$)otential drug candidates. (Crook and
Kobayashi, 2008)
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Figure 2.3 iPSC model for neurodegenerative andogiewelopmental diseases. Human iPSC
from neurologic patients and controls are generattst somatic tissue reprogramming (ex.
skin or blood cells). Neural progenitor cells aemgrated and are further differentiated into
neurons and/or glial cells. Neurons are then difigated into subtypes of neurons such as
dopaminergic, cholinergic, etc. Cellular phenotigpassessed by measuring neuronal
morphology (i.e., process branching, spine derss#g/maturation). Next, connectivity and
circuitry integration can be analyzed by calciurifux transients, electrophysiology and
transneuronal tracing with Rabies virus. In additithe cross talk between neurons and glia
can be studied to tease out autonomous and noneaatus aspects of the disease. Once a
distinct disease-related phenotype is identifiedgescreening platforms can be developed to
test compounds that improve cellular phenotyperdjeutic compounds could emerge from
the screenings, potentially benefiting neurologitignts. (Marchetto et al., 2010)
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Neural stem cells (NSCs), derived from SCs, appkaoemal morphologically and
displayed normal features of immunoreactivity wihested for neuron-specific elements
(Tzeng, 2002; O’'Connor et al., 2000b). They areuserable as normal neurons to
excitotoxic death (Qu et al., 2003). Electrophysgital analysis showed that cell membrane
of ES derived neuron contained voltage-dependeriratis. Action potentials were readily
triggered by current injection (Fraichard et a@93). There is a large body of literature
demonstrating the early expression of voltage-getdcium channels (VGCCs) in NSCs as
well as NSC-derived neurons (Gottmann et al., 1928 et al., 1997; Arnhold et al., 2000;
Deisseroth et al., 2004; Moe et al., 2005). Regeatitrocytes have been shown to potentiate
transmitter release at single hippocampal synasaea and Araque, 2007); suggesting that
co-culturing neurons and glial cells has potentigdrovide constructs that will more closely
mimic thein vivo situation. Using specific media, several investgahave differentiated
NSCs and shown that in addition to staining posifiwr nerve cells, also stain positive for
glial cell markers (Lin et al., 2004; Mahoney andsath, 2006). These results show that
NSCs offer unique opportunity for studying the depenental profile of VGCC functions as

well as neural network activities in terms of cafitransients.

2.8 Brain-Derived Neurotrophic Factor (BDNF) Suppots and Promotes Neural Cell

Development

Neurotrophins include nerve growth factor (NGFpibrderived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (MiI5) and neurotrophin-6 (NT-6),
which are chemicals that help to stimulate androbnieurogenesis and play an important

role in normal neural development. These proteiitgte their biological functions by
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interacting with their cognate receptors. Neurdtinop activate two different receptor classes:
the tropomyosin-related kinase (Trk) family of rptm tyrosine kinases (TrkA, TrkB, and
TrkC) and the p75 receptor, a member of the tunacorasis factor receptor superfamily.
Ligand binding results in activation of the tyrosikinases. Activated receptors in general are
capable of triggering a number of signal transductascades including the MAPK pathway
and the phosphatidylinositol 3-kinase (P13K) pathwEhese signals then pass on to the
nucleus to activate transcription factors thatrajgene expression. For excellent review on

neurotrophin regulation and mechanisms, please teieu (2003) and Poo (2001).

Brain-derived neurotrophic factor (BDNF), one oé ttmost active proteins, helps to
support the survival of existing neurons, and ermges the growth and differentiation of
new neurons and synapses. It plays an importamimdhe survival of differentiated neural
stem cells through the MAPK/ERK-dependent and PAkkdependent Bcl-2 up-regulation
(Lim et al., 2008). Also, it has been proven toederate the maturation of the synaptic
vesicle protein synapsin-1 at developing neuromiasgunctions in cell cultures (Poo, 2001).
It plays a novel role in the mobilization and datkiof synaptic vesicles to presynaptic active
zones (Pozzo-Miller et al., 1999). BDNF has emerged major regulator of synaptic
plasticity and a key target in disorders such a@nuepression and Alzheimner's disease
(Kuipers and Bramham, 2006). Animal models havenlzmlied to test the effects of BDNF
on synapse development (Sanchez et al., 2006). #dé@tment of mutant hippocampus slices
with BDNF, quantitative analysis of CAl synapsessded a significant increase in

synaptophysin expression level and the number sitles docked at presynaptic active zones.
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Thus, BDNF has been often added in neural stenditdrentiation media (Johnson et al.,

2007).

2.9 Small Molecules Against Mental or Neurodegenetiae Disorders: Rgl and Rbl

Ginseng, the root of Panax ginseng C.A. Meyer (Acalae), has been extensively used
in traditional oriental medicine for over 2000 y&dn vivo andin vitro studies have shown
its beneficial effects in cardiovascular diseasascer and immune deficiency. A recent
study has suggested that some of ginseng’s actiedients also exert beneficial effects on
aging and neurodegenerative diseases (Radad 20@6). Ginsenosides such as Rb1l
(MW1109.29 Da) and Rgl (MW801.02 Da) are the mpf@rmacologically active
ingredients of ginseng and their anti-aging and @etirodegeneration effects have been well
proven (Cheng et al., 2005). Cell-based studies BAown that ginsenosides promoted NSC
proliferationin vitro and enhanced cell survival (Shen and Zhang, 200d3¢hanisms may
involve decreasing NO content and NOS activityuiag intracellular calcium
concentration, by up-regulating Hes1 expressiohaeaing superoxide dismutase (SOD)
activity and enhancing the ratio of Bcl-2 to Bawtein and inhibiting activation of caspase-3
(Cheng et al., 2005; Zhuang et al., 2009). GinsdessRgl and Rb1 also promoted neurite
outgrowth in PC12 cells (Rudakewich et al., 20@hfanced astrocyte differentiation from
NSCs (Shi et al., 2005), increased neurotransmitense (Xue et al., 2006), and increased
synapse number and the density of synaptophysiichvign the morphological basis for
explaining Rb1 and Rg1l induced facilitation of ldag and memory (Mook-Jung et al.

2001).
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CHAPTER 3

SU-8 MICROSTRUCTURE FOR QUASI-THREE-DIMENSIONAL CELL-BASED

BIOSENSING”
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3.1. Abstract

A quasi-three-dimensional (quasi-3-D) cell-basaxsénsor platform microfabricated
from SU-8 has been developed and characterizetlidnvork, SH-SY5Y human
neuroblastoma cells were integrated with SU-8 nfisdmicated microwells with diameters of
100um. SH-SY5Y cells were differentiated with ImMwtyryl cAMP and 2.5 pM
5-bromodeoxyuridine. Voltage-gated calcium charf@CC) function of SH-SY5Y cells
cultured within the microwells (quasi-3-D) vershsgse cultured on the SU-8 planar
substrates (2-D) was evaluated by confocal micqmgedth a calcium fluorescent indicator,
Calcium Green-1. In response to 50 mM highd&polarization, cells in microwells were less
responsive in terms of increase in intracellulaf*@acomparison to cells on 2-D substrates.
This study shows that VGCC function of cells witl8J-8 microwells was indeed different
from that of cells on planar SU-8 surfaces, sugggshat SU-8 microstructure did affect
SH-SY5Y cell differentiation with respect to VGCQniction and that high-aspect-ratio
microstructures are not merely “folded” 2-D struew Furthermore, these results are
consistent with previous 2-D/3-D comparative stadiarried out in polymer scaffolds and
support the hypothesis that cell calcium dynamit2-® substrates may be exaggerated.
Overall, this work is supportive of SU-8 micropattes a viable platform for engineering a

guasi-3-D cell culture system for cell-based bissam against drugs for VGCCs.
3.2. Introduction

Unlike molecular biosensors which use isolated Breg; antibodies or nucleic acids,

cell-based biosensors employ the whole cell as¢hsing element and thus can provide
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information in terms of whole cell response [1]alecelerated drug discovery, cell-based
biosensors play an important role by providing tioval and analytical information which is
more accurate and physiologically relevant thantwalecular biosensors can offer [2-3].
Thus, a cell-based assay can well bridge the gapelea puren vitro systems anth vivo

test. With the development of fluorescence baselh@ogies and their implementation in
high-throughput screening (HTS) systems (e.g.rfloeetric imaging plate reader (FLIPR)
molecular device), cellular assay based on fluemese imaging has proven to be an
invaluable tool in drug discovery. However, in tygplication of cell-based biosensors, cells
are cultured on two-dimensional (2-D) flat surfape$], which is contrary to how cells
growin vivo where extracellular matrix provides a three-din@mal (3-D) environment.

This raises the issue of vivo-in vitro differences from cell morphology to cell functicasd
further to gene expression. It has been hypothe sz cell function on 2-D surfaces may be
an exaggeration of that vivo [6], which necessitates investigating 3-D celltard systems

[7] and calls for 2-D/3-D comparative study for {herpose of biosensor application [8-9].

Polymers, such as collagen hydregels [10-12], Ky@roxypropyl)-methacrylamide
(HPMA) copolymer hydrogels [13], poly(lactic-co-glylic acid) (PLGA), and poly(L-lactic
acid) (PLLA) [14], have been applied as scaffoldstudy cell growth, proliferation,
differentiation as well as cell function in 3-D @mnments. To apply cell-based biosensors in
screening drugs against voltage-gated calcium alaftGCCs), Mao et al. [8] and Desai et
al. [9] conducted comparative studies of VGCC fiorcof cells in 3-D collagen and on 2-D
surfaces and their results showed 2-D/3-D diffeesnwith respect to cell function.

However, these polymers have several limitatioirst At is difficult to guarantee precise
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control of the aspect ratio (height over width)wtihese structures. Second, limited mass
transportation in scaffolds affects nutrient supplgaste drainage and drug exposure. Third,
the properties of polymer scaffolds may limit theest to which optical or electrical

detection may be applicable.

Microfabrication, which can produce a miniaturizeggxpensive platform for
“cell-culture-on-a-chip”, can be an ideal way t@#eer a quasi-3-D environment for cell
culture [15]. In comparison with other 3-D cell wuk systems formed from polymers,
microfabricated patterns have many advantaged, Fiestechnique has been well developed.
The aspect ratio can be well controlled in fabiaaprocess and the fabrication of
microstructures can be scaled up to meet the neldd@®. Second, cells can be easily seeded
in these patterns and integrated with optical dsagebioelectrical analytical methods
[16-17]. Third, unlike cells embedded in collageells cultured in microstructures are better
exposed to growth media and drug supply; thus thssriransfer limitation problem can be
minimized in the microfabricated patterns, whiclmsessential aspect in HTS. In addition,
these platforms can allow precise control of th@renment surrounding individual cells and
they have been used to study physiologic and phaoiogic responses at the single-cell level.
On-chip individual-cell-based cultivation systerarfr Yasuda’s lab has been reported to
study single cell growth and division dynamics [&8]well as cell-to-cell communication
effects in cell group class [19]. Microfabricatedustures are gaining popularity for studies
of microbiology [20] and cellular biology [21-25They have become powerful platforms for

studying cell faten vitro [26-27]. However, most of these microstructureslaw-aspect
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ratio, which have been considered as 2-D systemss We proposed to fabricate

high-aspect-ratio microstructures to mimic 3-D raemvironments for cell integration.

In this study, SU-8 was chosen to fabricate micttswgith diameters of 100 um. These
micropatterns provided high-aspect-ratio structfmesell culture. SU-8, which is epoxy
based negative photoresist, can form a film withiekness from 1pum to 200pm with the
spin coating processes. Films can be processédoitolithography to pattern
high-aspect-ratio (>20) structures with high opticansparency, straight sidewalls, and
excellent thermal stability. SU-8 is wildly usedfabrication of microfluidics and
microelectromechanical system (MEMS) parts [28-20§0, SU-8 microstructure is
considered a novel platform for integrating withi cellture and studying cell fai@ vitro [22,
31]. In the present work, SH-SY5Y human neuroblasteells were integrated with SU-8
microwells and differentiated with 1mM dibutyryl 642 and 2.5 uM 5-bromodeoxyuridine.
Because of their importance in the central nenamgscardiovascular systems, VGCCs are
becoming popular drug targets in the drug discavEine measurement of intracellular
calcium fluxes in real time is widely applied withhe pharmaceutical industry to measure
the activation of VGCCs. For the development oélrlsased biosensor toward screening
drugs against VGCC targets, we evaluated VGCC respof SH-SY5Y cells by confocal
microscopy with a calcium fluorescent indicator)dlian Green-1. Intracellular Ga
dynamics of SH-SY5Y cells cultured in microwellgsas on 2-D substrates as a control
group were compared. The goal was to explore tieetsfof the microstructure on cell
function with respect to VGCC functionality and picte a proof-of-concept for quasi-3-D

cell-based assay for VGCCs.
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3.3. Materials and methods

3.3.1. Fabrication of SU-8 microstructure

Flat SU-8 substrates and microwell structures visvecated on 25-mm coverslips
(Fisher Scientific, Pittsburgh, PA, USA). Befordfigation, the coverslips were cleaned with
20% sulfuric acid and then baked at 2@0for at least 3 h. SU-8 (2025, MicroChem, Newton,
MA, USA) was spun onto the glass substrate at adsp&1000 rpm for 30 s. 25% (w/v)
photoresist was used to achieve flat SU-8 surfarebthe coating thickness was
approximately 1.5 um [15]. 69% (w/v) SU-8 was ugmdabricating microwell structures
and the resulting coating thickness was about 70+1b [15], depending on the processing
conditions. Then the SU-8 coated coverslips wefelsded, first at 65C for 3 min and then
at 95-C for up to 30 min. After baking, SU-8 was exposedoft contact mode with a Karl
Suss MJB 3 HP Mask Aligner using 365 nm UV at 10 rfiovwfour successive 15 s,
interrupted for at least 20 s. No mask was usexpose the whole surface area of the flat
SU-8 substrates while a chromium mask was useabtachte the microwell patterns.
Patterns and their nominal structure dimensiond uséhis study included 100 pm wells
with a center-to-center spacing of 110 um, andi®0wells with 10 um wide channel
connection. After exposure, the SU-8 coating wa®bagain, first at 65C for 3 min and
then at 95C for 9 min before development. Patterns were agpezl with SU-8 developer
(MicroChem, Newton, MA) for 14 min and then brieftgmersed in isopropyl alcohol
(Fisher Chemicals, Fairlawn, NJ) before drying witttogen. Finally, the patterns were hard

baked at 120C for at least 30 min. Samples were sterilizedngersion in 70% ethanol in
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distilled water (DI) under a UV germicidal lamp onght, rinsed in sterile DI water 3

times and stored wet until need.

3.3.2. Atomic force microscopy

To characterize SU-8 surface topography and cortfierpoly-L-lysine coating on the
substrates, we used a PicoPlus-SPM (Agilent-Moérduhaging) system for AFM imaging of
the planar SU-8 surface itself as well as the bedjon of poly-L-lysine coating of the 2-D
substrates. Silicon tips were used. Acoustic AC en@dAC) was applied to obtain high
resolution topographic images to overcome probléuesto friction, adhesion and electrostatic
forces that are normally experienced with ContaostienAFM. In AAC mode, cantilever
oscillation is accomplished by indirect vibratiamwhich the cantilever is excited by high
frequency acoustic vibration from a piezoelectrimsducer attached to the cantilever holder.
Tip-sample force interactions cause changes iniaudpl phase and the resonance frequency.

3.3.3. Cell line and cell culture

SH-SY5Y human neuroblastoma cells were obtainem #3 CC and routinely cultured
in 75-cnf tissue culture flasks (Costar, Corning, NY) witle growth medium in a 10% GO
humidified air at 3#C. The growth medium was made with Eagle Minimuredisial
Medium (MEM) containing 10% heat inactivated fdiavine serum (FBS), 2.2 g/L sodium
bicarbonate, 2 mM I-glutamine and 1 mM sodium pwte{8-9]. At 75% confluence, the
cells were detached by mechanically pipetting @suspended in growth medium for
plating. Before plating, SU-8 microwell patternsidfat substrates were coated with

poly-L-lysine for at least 1 hour to enhance thikattachment. Then these flat substrates and
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microstructure pattens were washed with growth méslice. Approximately 5xT0cells

were plated on each patterned substrate or flatsaib in growth medium, which was
contained in a 35 mm Petri dish (FALCON, Bectonkison Labware, NJ). On the second
day after plating, referred to as day 0 into défgration hereafter, the medium was changed
from growth medium to differentiation medium. Th#fetentiation medium was comprised
of MEM with 5% FBS, 2.2 g/L sodium bicarbonate, Rriiglutamine, 1 mM sodium
pyruvate, 1 mM dibutyrylcAMP (dcAMP) and 2.5 uM Bemodeoxyuridine (BrdU) [8-9].

Differentiation medium was changed daily.

3.3.4. Fluorescence staining and fluorescent noomg

SH-SY5Y cells were stained with calcein AM (Biotiuktayward, CA). This fluorescent
dye stains living cells and their extensions byphesence of intracellular esterase activity,
which converts the non-fluorescent cell-permeatdeta AM to intensely fluorescent calcein.
Cells were washed with 2 mL phosphate-bufferecheglPBS) three to five times. Then cells
were exposed to 2 ml2¥ calcein AM in PBS and incubated for 30 min at’@7before the
staining solution was replaced. Samples were wasiited®BS 3 times. Sample fluorescence
was captured with a B-2E/C FITC filter block (Nikdvelville, NY, USA), which has an

excitation bandwidth of 465-495 nm and a filterpeenge of 515-555 nm.

3.3.5. Scanning electron microscopy (SEM)

Cells on SU-8 patterns were fixed with 2% glutaealgde in 0.1M sodium cacodylate
buffer, pH 7.2 for 1 h before rinsing in cacodylbtdfer (without glutaraldehyde) three times,

15 min each. This was followed by post-fixing wittb OsQin 0.1M sodium cacodylate
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buffer for 1 h and rinsing in cacodylate buffer fvaut OsO4) three times, 5 min each. The
samples were then dehydrated successively in 3T,G6®0, 95 and 100% ethanol for 10 min
each and dried in a SAMDRI-780A critical point ar{@ousimis Research Corporation,
Rockville, MD, USA). Patterns were sputter-coatathwold for 60 s to achieve a coating
thickness of about 15.3 nm. SEM images were captwith LEO 982 scanning electron
microscope (LEO Electronenmikroskopie GmbH KorporatGermany) with an

acceleration voltage of 5 kV, using either the tagdetector or in-lens detector.

3.3.6. Evaluation of the VGCC functionality

VGCC functionality was evaluated with the dynanotgalcium influx in response to
high K" (50 mM) depolarization. The membrane permeableréiscent dye, Calcium
Green-1, acetoxymethylester (AM) (Molecular Proliaggene, OR), was used to visualize
the calcium influx dynamics. The fluorescent inignaias measured by a confocal imaging
system (PCM-2000, Nikon) linked to an inverted (DE3Nikon) microscopy and a 60x
Aprochromat, oil —-immersion, high-numerical apest(t.4) objective lens. On days 2 and 8
into differentiation, cells on either flat subsasior in microwell structures were washed with
HBS twice and loaded with 5 uM Calcium Green-1 AMLimI of HBS containing 3% heat
inactivated FBS and 0.02% Pluronic F-127 (Molec#eobes, Eugene, OR) for 1 h at-&
in a 10% CQ humidified incubator. Cells were then washed twitdn HBS and incubated
with 1 ml HBS at 3%C in the 10% C@humidified incubator for another hour to allow
complete dye de-esterification. Calcium Green-1 exasted with 488 nm argon laser and the
emission was captured through a 515 nm long-plss fConfocal images were continuously

captured at a rate of 1 frame per 3 s. While imag&e being captured, cells were
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depolarized by adding 100 pl of high KBS (500 mM) to achieve a final'Kkoncentration
of 50 mM (along with 130 mM Nan HBS). Functional VGCCs were demonstrated by
cytosolic calcium concentration increase upon dajeation. This intracellular calcium
dynamics was reflected by changes in relative @efialar Calcium Green-1 fluorescence

intensities, which were plotted as average gragllamits.

3.3.7. Data analysis and statistics

Student’s t-test was used for statistical compassaf calcium response magnitudes.

3.4. Results and discussion

3.4.1. SU-8 structures for culturing cells

In the present study, planar SU-8 substrates wsed to culture SH-SY5Y cells in
monolayer, as a 2-D control for the SU-8 microwellsth the planar surfaces and the
microwells were coated with poly-L-lysine. Fig. 3a) shows an AFM image of the planar
SU-8 surface. The surface is smooth and no geamsdtrictures can be observed.
Poly-L-lysine has been applied to patten silicoriage for directing neural cell growth [32]

and deposization of poly-L-lysine has been obseorethica surface with Au-nanoparticles

[33]. Fig. 3.1 (b) shows an AFM image of the bugigion of poly-L-lysine coating of the 2-D

substrates. This image shows that poly-L-lysineeced the substrate homogeneously and

uniformly with a felt-like structure of depositedbtacules. Detailed structure of coating can

be viewed from the geometric coating image (Fid.(8)). In Fig. 3.1 (c), poly-L-lysine

molecule nanoparticles randomly deposited on thstsate.
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Figure 3.1. AFM images of SU-8 surface (a) and S&isdace coated with
poly-L-lysine (b) with its geometric structure (&).(c), the units for X and Y
axes are in nanometers, while for Z axis the wrigsin anstrons. Bar = 200
nm.

For SH-SY5Y cell integration, SU-8 patterns witdiameter of 100 um were used in
this study. Fig. 3.2 (a) shows the representativeawell structure without channels and Fig.
3.2 (b) shows SH-SY5Y cells cultured in a 100 pmarfeter) pattern on day 8 into
differentiation. Fig. 3.2 (c) and 3.2 (d) showed-SM5Y cells in microwells on day 2 into
differentiation. Cells attached to the sidewalts] shey formed cellular clusters in the wells.
In the phase contrast images (Fig. 3.2 (b) andc3})2some of the cells seem out-of-focus
because they were not in the same plane; insteaylwere distributed in the 3-D space.
These observations were confirmed by SEM in Fig.(B) and 3.3 (c). For some cells,
neurite outgrowth can be observed. The neurite shiowrig. 3.2 (b) was from one cell
which grew in the well, and it extended to the adja well. From the network-like cell
patterning (Fig. 3.3 (a)) in microwell structureghnchannels, neurites were observed along

the channels (Fig. 3.3 (c)).
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Figure 3.2. Phase contrast and SEM
images of 100 pum SU-8 microwell
patterns: (a) phase contrast image of
patterns without cells; (b) phase
contrast image of patterns with

@4 SH-SYS5Y cells on day 8 into

= differentiation; (c) phase contrast

@ image of pattern with SH-SY5Y cells
y on day 2 into differentiation; (d) SEM
¥ micrograph of patterns with
SY-SY5Y cells on day 2 into
differentiation . Bar = 100 pm.

1
|

— -~ Figure 3.3. Images of SH-SY5Y cells
in network micropatterns on day 8
into differentiation: (a) calcein
stained cells; (b) section of patterns;
(c) blow-up of showing neurite from
adjacent well (red arrow) and cell
cluster at the bottom of the well. Bar
=100 um in (a) and (b), bar = 50 um
in (c).

3.4.2. VGCC responsiveness evaluation

We evaluated the VGCC function of SH-SY5Y cellsteréd in microwells and on 2-D
substrate with the dynamics of calcium influx ispense to high K(50 mM) depolarization.
The membrane permeable fluorescent dye, CalciurarGieacetoxymethylester (AM) was

used to visualize the calcium influx dynamics. Riomal VGCCs were demonstrated by
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cytosolic calcium concentration increase upon dajmadtion. This intracellular calcium
dynamics was reflected by changes in relative @efialar Calcium Green-1 fluorescence
intensities, which were plotted as average gragllemits. Fig. 3.4 shows a typical cell and
time course of the change in Calcium Green-1 flecgat intensity for responsive and
non-responsive cells upon stimulation with high Khe insets are confocal images showing
the fluorescence changes in the stimulation pro¢egs3.5 shows representative plots of
response to high kstimulation on day 8 into differentiation for cetlaltured on 2-D
substrates (Fig. 3.5 (a)) versus cells in microsvgig 3.5 (b)). Fig 3.5 qualitatively shows

that cells on 2-D substrates had a larger respoasgitude than cells in microwells.
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Figure 3.4. High K evoked calcium transients in S5¥5Y cells. Typical plot o
changes in relative intracellular Calcium Greetdbriescence intensities for
responsive and non-responsive cells on 2-D SU-8tgatks at day 2 into
differentiation. The responsive cell was from tlag¢adpool of 67 cells measured
in Table 1. Inset: Confocal images of the cell eld 3U-8 substrates at day 2
into differentiation. Images show fluorescencenstg changes before
depolarization, 20 s and 100 s after depolarization
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Figure 3.5. Typical plots of changes in relativeanellular Calcium Green-1
fluorescence intensities for cells on 2-D SU-8 sualbs (a) and 3-D microwell (b) at
day 8 into differentiation. The cells in (a) and doe from the data pool of 67 and 23
cells, respectively (Table 1). Cells were stimudaby high K depolarization with
HBS containing 50 mM K Qualitatively, cells on 2-D SU-8 substrates hauigher
response magnitude than cells in 3-D SU-8 micrasv@aseline drift is an
indication that cells were not at “steady statefijala is common.

A cell was only considered responsive when it sltbaue increase in Calcium Green-1
fluorescent intensity of 15% or higher over thedbdlsiorescent intensity level. The
magnitude of the response from each cell was espdeas a peak fractional increase over

basal fluorescence intensity. Table 3.1 summatlzepercentage of responsive cells and

magnitudes of VGCC responsiveness (intracellul&’ ®arease) to high KHBS in
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SH-SYS5Y cells cultured in microwells versus on Zlibstrates. As shown in Table 1, itis
clear that 100% of the cells on 2-D SU-8 substretexe responsive to high'KiBS on days

2 and 8 into differentiation. For cells in microvgelthe percentage of responsive cells was
35% on day 2 and decrease to 31% on day 8. Aldle,ae2-D substrates had a larger
VGCC response magnitude than cells in microwellath days 2 and 8 into differentiation
(p < 0.05). As shown, cells on 2-D substrates heasponse magnitude of approximately 1.
For cells in microwells, the response magnitude agsoximately 1/3. In addition, a similar
decrease of the response magnitudes was obseoredlfry 2 to day 8 into differentiation for

cells on 2-D SU-8 substrates as well as in micrsa(pl < 0.05).

Table 3.1 Percentage of responsive cells and mamuaf VGCC responsiveness to 50 mM
K* stimulation in dcAMP and BrdU differentiated SH-SY cells

3-D SU-8 Microwells coated with 2-D SU-8 Substrates coated with

poly-L-lysine poly-L-lysine
Magnitude Magnitude
Percentage Percentage
(meantS.D.) (meantS.D.)
Day2 14/40=35% 0.32+0.11(n=14)* 67/67=100% 1.408M567)
Day8 9/29=31% 0.24+0.06(n=9)* # 23/23=100% 1.013m323)#

A cell was only considered responsive when it sltbarincrease in Calcium Green-1 fluorescent
intensity of 15% or higher over the basal fluoreséstensity level. The percentage is expressed as:
(number of responsive cells)/(total number of ceiEasured) = percentage of responsive cells.

* Values that are significantly different from tleofor cells on 2-D SU-8 substrates (p<0.05).
# Values that are significantly different from tedsr cells on day 2 into differentiation (p < 0)05

These results are at odds with the suggestiomtttmbwells are merely “folded” 2-D

structure and are not likely to affect cellulardtion. So this study provides evidence that

45



VGCC function of cells in SU-8 microwells was indedifferent from that of cells on planar
SU-8 surfaces, which suggest that SU-8 microstraatid affect SH-SY5Y cell

differentiation with respect to VGCC function. lid1been speculated that cellular function in
2-D is probably an exaggeration of that in 3-D anabablyin vivo situation [34]. Results in

the present study and previous studies in our8eh B1] are consistent with this speculation.
In a previous study with SH-SY5Y cells in collageydrogels and Cytodex microbead arrays,
the magnitudes of VGCC response of differentiatts ®n 2-D substrates were higher than
those of cells in 3-D scaffolds. Thus this worlsigpportive of SU-8 micropattern as a viable

platform for engineering quasi-3-D cell culture teyss.

The differences between the VGCC function of cell3-D pattern and on 2-D surfaces
may be due to the cell shape change which is inted through microstructure. Though, the
mechanism by which cells transduce changes irgeelinetry into different biochemical
responses remains unclear, it is known that cetphmogy affects cell growth, cell
differentiation as well as cell function and cedlath [35-38]. Lascola et al. [35] observed cell
morphology dependent whole-cell chloride currentsit astrocytes. To control the cell
shape, Parker et al. [37] and McBeath et al. [8&lced cells on extracellular matrix coated
adhesive islands of defined shape and size atitremmeter scale. However, these relatively
simple geometric systems only provided a 2-D serfac controlling cell shape and imposed
only limited strain on cell shape and dimension pfabe the extent of shape control, it is
necessary to challenge cells with a more demargkognetry. Circular 3-D micropatterns
fabricated in polymethylmethacrylate were appliedtudy fibroblasts growth and showed

that the patterns in cellular dimention effectivedyard fibroblasts invasion [39]. A packed
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Cytodex 3 microbead array was fabricated for SH-$¥8lls [31]. In these studies, not only

cell shape change was observed, but also celliumchange was observed.

Even a neural network-like patterning was achigwethtegrating SH-SY5Y cells in the
SU-8 microwells with microchannels, SH-SY5Y celts bt form synaptic connection,
which suggests that more appropriate candidate as#l needed. In follow-up studies, we

will extend our investigation to neural stem céti€ngineer 3-D neural networks.

3.5. Conclusion

Microwell structures were fabricated using SU-8 tphesist for cell-based biosensing
application. The microfabrication technique hasnbeell developed and the microstructures’
architecture can be well-controlled. The SU-8 platf is transparent and stable, which
enables it to be well integrated with optical, iemical and electrical measurement
techniquesSH-SY5Y human neuroblastoma cells were successhilygrated into SU-8
microwells and VGCC function of SH-SY5Y cells orD2substrates and in microwells were
evaluated. The responsiveness to higld&polarization for cells on quasi-3-D scaffoldswa
significantly lower than that on 2-D substratesisTiesult shows that SU-8 microstructure
did affect SH-SY5Y cell differentiation with respgdo VGCC function and also shows that
high-aspect-ratio microstructure is not merely dfed” 2-D structure. This is in agreement
with previous 2-D/3-D comparative studies carriedlio polymer scaffolds, and supports the
speculation that 2-D cell functions may represengxaggeration of thosa vivo. Overall,

this work demonstrates the feasibility of using &dticrofabricated pattern as a platform for

the development of quasi-3-D cell-based biosensors.
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CHAPTER 4

MICROWELL STRUCTURE-NEURAL STEM CELL PLATFORM FOR SCREENING

COMPOUNDS AGAINGST CONNECTIVITY-RELATED TARGETS*

Keywords: Neural stem cell; SU-8; 3D cell culture; Neural network; Cell locomotion;

Schizophrenia
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4.1. Abstract

We are interested in developing a cell-based gasdfyprm for screening compounds
against neural network connectivity. We first sadlthe relationship between SU-8
crosslinking reaction and associated cytotoxicity] established SU-8 microstructure
fabrication and surface modification procedures yielded a biocompatible microsubstrate
for human neural stem cell (nNSC) culture. Then @BISnteraction with SU-8 microwells
was studied. Cell locomotion was studied by tinstarecording; hNSCs in the
microstructures tended to interact with curved w&lewalls or well openings in the absence
of other cells, or interact with cells in the ndighing wells in the presence of other cells,
and cell-cell interaction was guided by microstaetarchitecture (e.g. presence of
microchannel and microwell). Combining fluorescdyés and confocal microscopy, cell
morphology, cytoskeleton organization angwere measured for cells on two-dimensional
(2D) flat surface and within SU-8 microstructurgsilike cells on 2D surface with a spread
cell morphology and stress fibers, cells withingg@ microwells were more round and did
not present stress fibers within. Cells within 58 microwells developed a more negatitg
than cells on 2D before differentiation. Taken tbge, microwell architecture affected
hNSC morphology, cytoskeleton organization as ag\l,, establishment in a quasi-3D
manner, which is consistent with other 2D/3D corgmar studies. This study moves one step
forward in combining hNSCs and microwell structute@$orm a quasi-3D neural network for

drug screening.
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4.2. Introduction

Mental and/or neurodegenerative disorders, susltl@gophrenia, are among the most
devastating illnesses in western society; howdhere are few effective drugs for such
diseases [1]. Currently used drugs for schizophrstill have shortcomings [2]; for example,
Ziprasidone, a FDA approved drug for treating sopirenia since 2001, may cause severe
side effects such as seizures, irregular heartbehto on. Effective drug discovery against
these disorders is in great demand, which calladoel assays for high throughput screening
(HTS) of available molecular libraries to identifyore effective small molecules as drug

leads.

Synaptic function and neurotransmission system feagynaptic proteins such as
synaptophysin, postsynaptic proteins such as MAR&,N-methyl-D-aspartic acid receptors
(NMDARSs)), which underlie neural network connedfyyiare involved in biological
mechanisms for mental and neurodegenerative disof8€]. Studies have shown that
distance between the neuronal assemblies commungagith each other affect network
oscillation frequency [7], which is an importanbirarker for schizophrenia. Susceptible
genes for schizophrenia, suchashindin [8] andDISC1 [9, 10] have been associated with
network connectivity. Neural networks, which caocagitulate these crucial targets (e.qg.
synaptophysin, MAP2, NMDAR®ysbindin, andDISC1) may act as an effective platform
for screening available molecular libraries. Upongdexposure, the changes in network
connectivity are usually compound and concentragjwecific [11, 12] and depend on the
number of synapses per cell, as well as the statellanaturation [13, 14]. The ability to

genetically engineering synaptical model cells [, and the use of optical detection
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methods in most HTS formats makes neural netwarkaddin vitro attractive in drug
discovery [17]. Howevelin vitro screening of drugs that affect neural network fiaman

vivo is still primitive as current assays rely on sgéllular responses from two-dimensional
(2D) cell cultures [18]. Three-dimensional (3D)ldehsed assays may yield physiologically
more relevant results [19-22], and thus have therml to bridge the gap between 2D
assays and preclinical animal testing, saving eime: cost by reducing compound attribution.
Thus, engineering a 3D neural network platforrmisdeal first step in moving toward 3D

neural-network-based assay.

Commonly used methods to form neural netwankgtro can be categorized into the
following three forms: random forming, chemicalteating, and structural guiding. Though
randomly formed neural networks provide a usefulhoeé for studying the physiology of
neurons in a simplified environment, they are rasyeto manipulate. Microcontact printing
[23] and self-assembled monolayer forming [24]@remical techniques mainly used to
tailor the properties of the substrates for nenetvork patterning. However, these cells are
maintained on 2D substrates. Topographical strastoan provide physical guidance for
neural network formatiom vitro and microstructured substrates have long beend=es a
promising approach for the creation of defined oeal networksn vitro. Unlike chemical
patterning, high-aspect-ratio microstructures hoaight to provide quasi-3D
microenvironments for neural network formation [26]. Microstructures made of
polydimethylsiloxane (PMDS) [27] and SU-8 (epoxysbd negative photoresist) [28] have

been reported to control neural network formatiowitro.
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Microstructures provide a novel and powerful celtare environment for several
reasons. Microstructure architecture can be wailtrotied in the fabrication process, thus
providing a reproducible microenvironment for allture. In these miniaturized systems,
consumption of cells and reagents can be reduegthgscost in comparison to macroscale
assays. In addition, transparent microstructurel as those made from SU-8, are also
compatible with both optical and electrical reado®U-8 has been wildly used in
fabrication of microfluidics and microelectromeckaat system (MEMS) parts with
high-aspect-ratio, high optical transparency arckebent thermal stability [29, 30]. However,
cytotoxicity from SU-8 has limited its applicatiomscell-based assays [31]. Also, in the few
studies using SU-8 microstructures for cell behawaitro, only primary cells and
tumor-derived cells have been successfully integrat SU-8 microstructures [25, 26, 28,

32].

Our long term goal is to develop a cell-based Hi® dliscovery platform comprised of
guasi-3D stem cell-derived neural networks housddterconnected microwells amenable
to optical and electrical readout. As a first steyr, goal was to answer the question whether
3D microstructure architecture can be used to &ehoptimal quasi-3D microenvironment
for neural stem cell culture. To answer this questive first studied the relationship between
SU-8 crosslinking reaction and associated cytottyxito establish SU-8 microstructure
fabrication and surface modification procedures yield a biocompatible microstructure
suitable for human neural stem cell culture. Negyral stem cells were integrated with
SU-8 microwells, and the cell-microstructured Sth&8terial interaction was studied with

respect to morphology, cytoskeleton organizatich @l locomotion during the first 24
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hours of plating to provide a better understandinthe relationship between microstructure

architecture and the resultant quasi-3D neural otformation.

4.3. Materials and methods

4.3.1. Fabrication of SU-8 substrates

Flat SU-8 substrates and SU-8 microstructures vedmgcated on 25 mm coverslips
(Fisher Scientific, Pittsburgh, PA, USA). Befordfigation, the coverslips were cleaned with
20% sulfuric acid and then baked at 200for at least 3 h. SU-8 (SU-8 2025, MicroChem,
Newton, MA, USA) was spun onto the glass substatespeed of 2000 rpm to achieve a
thickness of 40 um. The SU-8 coated coverslips wefebaked, first at 65C for 3 min and
then at 95C for 9 min. After soft baking, SU-8 was exposedatuum contact mode with a
Karl Suss MJB 3 HP Mask Aligner using 365 nm uMatmWw for 60 s. A chromium mask
was used to fabricate the microwell patterns; nekwaas used for flat SU-8 substrates when
exposed to UV light. Microstructure dimensions usethis study included 50 pm and 100
pm in well diameter; the connecting channels wér@® long and 10 pm wide. After
exposure, the SU-8 coating was baked (postexpsmkiag) first at 65C for 3 min and then
at 95-C for 9 min. Processed SU-8 film were then devedoph SU-8 developer
(MicroChem, Newton, MA) for 7 min and briefly imnsed in isopropyl alcohol (Fisher
Chemicals, Fairlawn, NJ) before drying with nitragéormed microstructures were hard
baked at 1660C for 30 min. Prepared flat and microstructured &&libstrates were etched
with oxygen plasma for 20 min (PLASMG Oxygen Plasma System, TEGAL Corporation,

Richmond, CA). Samples were sterilized by immersioi0% ethanol in distilled water (DI)
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overnight and rinsed in sterile DI water 3 timekse Bubstrates were then coated with
poly-ornithine (Sigma, St. Louis, MO) in water at@centration of 4Qg/ml for at least 1
hour. This was followed by coating with laminin 8ia, St. Louis, MO) at a concentration

of 5 ug/ml. These dishes were stored at 4 °C until use.

4.3.2. Scanning electron microscopy (SEM) and atdorice microscopy (AFM)

SU-8 microstructures (without cells) were sputteated with gold for 60 s to achieve a
coating thickness of about 15.3 nm. SEM images wapgured with Zeiss 1450EP
environmental scanning electron microscope. Toastarize SU-8 surface topography and
bulk coating on SU-8 surfaces, we used a PicoPRM-8Agilent-Molecular Imaging)
system for AFM imaging of the planar SU-8 surfaeéobe and after oxygen plasma
treatment [26]. Briefly, silicon tips were used ahcbustic AC mode (AAC) was applied to
obtain high resolution topographic images. AAC modercomes problems associated with
friction, adhesion, electrostatic forces, and oth#ficulties that contact mode AFM is
usually confronted with. In AAC mode, driving thantilever into oscillation is
accomplished by indirect vibration, in which thenttkever is excited by high frequency
acoustic vibration from a piezoelectric transdwtégiched to the cantilever holder.
Tip-sample force interactions cause changes initudpl phase and the resonance frequency

of the oscillation.

4.3.3. Surface energy and contact angle measurement

Contact Angle System OCA (Future Digital Scientif@orp., USA) with analysis

software (SCA20) was used to determine the sudan&act angles on the SU-8 samples.

57



Distilled water was used as a contacting solveltd#ta were obtained 5 s after placing the
droplet on the surfaces under ambient conditiohs. Surface energy of the contacting
surface (E) was calculated according tg=E,,co9®. E, is the surface energy between the

water and air, which is 72.8 mJmt 20C for pure water is the static contact angle [33].
4.3.4. Characterization of SU-8 crosslinking reactdy differential scanning
calorimetry (DSC).

We investigated different process conditions oatlin Table 1. Samples with different
thicknesses (40m and 8Qum) were used. The Thermal Analysis Instrument DSE 8
(Mettler-Toledo Inc., Columbus, OH) was operatedtamdard mode using an aluminum pan
reference with a nitrogen purge rate of 50.0 mL/riime standard mode DSC heating
program was equilibrated at 20°C and the ramp teatpe was set at 10°C/min to 350°C.
The relationship between extent of crosslinking B readout on residual reaction
exotherm was systematically established [34]. Briehe enthalpyAH) was obtained in
units of Joules/gram (J/g) by integrating the aneder the reaction exotherm peaks using
STAR® software. The extent of crosslink reaction wasngef as (Hieast treated AHtreated/

AHleast treate)i>< 100%.
4.3.5. Cell line and cell culture

Human neural stem cells (ENStem*3 were purchased from Millipore (Billerica, MA).
Cells were maintained in 35 mm Petri dishes withl2growth medium in a 5% CO
humidified atmosphere at 37 °C. ENSterfi¥Aexpansion media supplemented with

penicillin/streptomycin, L-glutamine and basic tbfast growth factor (bFGF) was used.
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The medium was half changed every other day. The were passaged by mechanically
pipetting when cells reached 90% to 100% confluemzkapproximately 1.2xi@ells were
seeded into each new dish. For cell differentiatexpansion media was replaced with
differentiation media. Differentiation media wamdar to expansion media, except that

bFGF was not added. The differentiation medium kaschanged every other day.
4.3.6. Fluorescence staining and fluorescent miomg

Neural stem cells were stained with calcein AM (Bim, Hayward, CA) [35]. This
fluorescent dye stains living cells and their estens by the presence of intracellular
esterase activity, which converts the non-fluorescell-permeant calcein AM to intensely
fluorescent calcein. Briefly, cells were washedwdtmL Neurobasal without phenol red
(Invitrogen, Carlsbad, CA) three times and covevét 2 ml of 2uM calcein AM in
Neurobasal and incubated for 30 min at 37 °C. Seswkre then washed with Neurobasal 3
times. Fluorescent micrographs were viewed anducaegtwith a B-2E/C FITC filter block
(Nikon, Melville, NY, USA), which has an excitatidrandwidth of 465-495 nm and a filter
pass range of 515-555 nm. Cell morphological roesdrmeasurements were done with
Simple PCI image software (Compix Inc., Cranberowmship, PA). Roundness is defined

as 4*r*areal(perimetef)
4.3.7. Cell adhesion and proliferation

To establish the relationship between the exte®id8 crosslinking and associated
substrate cytotoxicity, cell adhesion and proliferawere evaluated for neural stem cells on

SU-8 substrates with different extents of crosstigkSU-8 flat substrates were fabricated
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according to Table 1. Polystyrene Petri dishes wieesl as the control substrates. Neural
stem cells (5x10cells) were seeded on each sample (correspondihdemsity of 18
cells/mnf). Samples were stained with calcein AM as desdrid®ove (Biotium, Hayward,
CA) at 4 h, 24 h, 48 h and 72 h. Fluorescent imagae taken, cells were counted and cell
densities were calculated. To characterize celifpration, cell culture’s doubling time was

derived according to the cell growth equation be]8@j:
Y = Ae (1)

where Kk is the growth rate, A is the cell numbethatstart of the experiment and Y is the cell

number at time t.
4.3.8. Cell-substrate interaction observation metiapse recording.

Time-lapse recording is a frequently used tooktodying cell dynamic activitin vitro.
We used time-lapse video microscopy to study howalestem cells interact with
microstructures within the first 24 hours of platitMicrostructures with cells were kept in
an environmental chamber to maintain proper camstiwhile recording. The WaferGen
Smart Slide-100 system (WaferGen, Fremont, CA, UBA3 used. This small
environmental chamber is based on a 6-well dislsds heated glass to maintain tissue
temperature even at the spot being observed, gthtes CQflow and provides for rapid
media exchange at selectable intervals via a caenjnierface. Phase contrast images were
taken every minute using Leica DFC300 FX camerantexlion a Leica Z16 APO A
microscope. Data were analyzed by ImageJ (NIH)gkereequences and trajectory plots for

cell movement within microstructures and on 2D acefwere compared.
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4.3.9. Actin cytoskeleton distribution examination.

Actin cytoskeleton distribution of neural stem sedlithin these microstructures and on
2D surfaces was studied 24 hours after cell pla@ngefly, cells were rinsed once with
phosphate-buffered saline (PBS), fixed with 4% fmraaldehye in PBS (15 min), washed
twice with wash buffer (PBS containing 0.05% Twe); treated with 0.1% Triton X-100
in PBS (5 min), washed with wash buffer, blockethviilocking solution (1% BSA in PBS),
incubated with TRITC-conjugated Phalloidin (1:20dllipore, Billerica, MA) for 1 h, and
washed with wash buffer (3 times, 5 min per waBhjorescence images were viewed with a
Nikon ECLIPSE TE2000-S inverted microscope withuafescence attachment using a 60x
objective. Actin cytoskeleton organizations in r&dwtem cells cultured in SU-8 microwells

and on flat surfaces were compared.
4.3.10. Resting membrane potenthd} measurement

We combined the use of a potentiometric dye, tettagirhodamine methyl ester
(TMRM) and confocal microscopy to measure Yheof neural stem cells [37]. The
concentration of the dy®(, andD.) is proportional to the fluorescent intensiky,(@and
Fout); the black gain was set to 0 and all gray lewhdvere corrected by deducting
background valuedBj. The final working equation for determining tig of individual cells

was:

F.-B
V_=-58lo - mVv 2
m glo[ FOut _ Bj ( )
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A calibration of the linearity of the relation beten the dye concentration and the gray level
reading of confocal images has ascertained thajrinelevel reading was linearly
proportional to TMRM concentration within the ranfgem 5 nM to 10QuM (R?= 0.9962)

[38].
4.4. Results and discussions
4.4.1. Fabrication, surface modification, and cbemazation of SU-8 microstructures

Figures 4.1 (a) to 4.1 (d) show the flow diagranthef fabrication process and Figure 4.1
(e) shows a scanning electron microscopy (SEM) er@db0 pm microwell patterns. The
center-to-center distance is 100 pm and the wititheochannel is 10 pm. Channel width
was chosen as in a previous study [25]. These @lsuipnovide guidance for neurite
extention within microstructures. These microwal&l microchannels together created a
nondegradable network pattern. In contrast to catimeal chemical micropatterning
methods, this type of topographical patterningrebtirely on integrin-mediated selective
adhesion. In addition, these microstructures pmypitbtection for cells within microwells

from shear forces caused by fluid flow in mediargepreocesses.
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Figure 4.1. (a) - (d) show a flow diagram for thérication process; the right column
shows the top view. Photoresist is spin-coated covarslip (a - b). A mask is placed in
contact with the layer of photoresist (b - ¢). Thepaque patterns shield the photoresist
from ultraviolet (UV) light. lllumination with UVilght results in SU-8 crosslinking. An
organic solvent dissolves and removes the phogirésit is not crosslinked (c - d). (e)
shows a scanning electron microscopy (SEM) imagae50 pm microwells with
interconnected channels. The center-to-centerrdistes 100 um and the width of the
channel is 10 pum.
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SU-8 surfaces are typically hydrophobic. To chasiggace characteristics, SU-8
microstructures were etched with oxygen plasmadgiyig hydrophilic SU-8 microstructures
[39]. Figure 4.2 shows a significant increase iriae roughness as a result of oxygen
plasma etching. Before etching, SU-8 surface wite gmooth (Figure 4.2 (a)); after etching,
the surface became rough (Figure 4.2 (b)). The ins@ges in Figure 4.2 (a) and Figure 4.2
(b) present the shape of water drop on SU-8 subfat@me and after oxygen plasma etching,
representatively. The contact angle decreased &ada to 35.8 after etching.
Correspondingly, the surface energy increased B@# mJ/ fito 57.94 mJ/ f Oxygen
plasma etching is an effective way to change thiase roughness; also it renders the
surface hydrophilic. In addition, etched SU-8 scefanhanced poly-ornithine and laminin
coating; the thickness of coated material increaseetched SU-8 surface (Figure 4.2 (c)

and 4.2 (d)).
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Figure 4.2. Atomic force microscopy (AFM) image®wsing the
topographical features of SU-8 surfaces beforard)after (b) oxygen
plasma etching, and the bulk coating of poly-oiinghand laminin on
unetched SU-8 surface (c) and on etched surfac& lf@)inset images in
(a) and (b) show the shape of a water drop on SUHgce before and after
oxygen plasma etching, representatively; a moreagpdrop in (b)
indicates higher hydrophilicity. The units for Xdalf axes are in
nanometers, while the Z axis units are in angstrons

4.4.2 Cell attachment and proliferation on SU-8sttdtes with different extents of

crosslinking

The cytotoxicity problem observed with SU-8 limiteslapplication in cell-based studies

[31]. This cytotoxicity has been hypothesized tadhe to poorly crosslinked samples [26,
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40], as the crosslinking of a polymer matrix infiges physical and chemical properties of
the material [34]. To study the relationship betwé®e extents of SU-8 crosslinking and its
cytotoxicity to human neural stem cells, we stathvU-8 crosslinking characterization.
SU-8 substrates were fabricated following the ctos outlined in Table 4.1 and SU-8
crosslinking reaction was characterized by DSC.85ilins with different thicknesses (40
um and 8Qum) were fabricated to see how the thickness affgasslinking reaction. Figure
4.3 presents the typical DSC curves fond® SU-8 films under different fabrication
conditions. The sample before exposure was chaizatieby DSC as negative control. The
partly crosslinked sample (Condition 1) showedffedint exotherm reaction profile in
comparison to the non-crosslinked sample (negatwerol). The decrease in the integrated
reaction exotherm from the partly crosslinked sanf@londition 2) to completely
crosslinked sample (Condition 3) reflected the i§iggntly advanced polymerization of the
film resulting from the thermal reaction in highsdge exposure (60 s) and hard baking.
Table 4.2 summarizes the extent of crosslinkingetrh fabrication condition. We found
that fabrication process and film thickness affddtes extent of crosslinking. Thicker film
resulted in less crosslinking. For example, aftghfdosage exposure and hard baking, the
reaction exotherm of 40m SU-8 substrate was 0 J/g and the correspondasslanking
extent was 100%; however, at the same fabricatboition, 80um SU-8 substrate had a
reaction exotherm of 32.07 J/g and was only 80.6id%slinked. These results indicated that
our protocol yielded completely polymerized 4 thick SU-8 substrates. To make thicker

completely crosslinked films would require adjugtfabrication conditions.
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Table 4.1. List of sample process conditions.

nglt]_aking Postexposure Hard Baking
Process condition (65°C 3 Exposure Exposure -%Hk”'g (160°C 0
min, 95°C & (15 5) (B0 5) (65°C 3 min,
min) 25°C 9 min) min)
Negative control + - - - —
Condition 1 + + — - -

40 pm | Condition 2 -+ — + + -
Condition 3 + - + + +
Condition 1 + + — — -

80 pm | Condition 2 + - + + —
Condition 3 + - + + +

“+”. procedure implemented;~": procedure not implemented; Fabrication procedisfved the
sequence from the left to the right, one samplepvegared under each condition.

Negative control (non-crosslinked)
Condition 2 (partly crosslinked)
Condition 3 (completely crosslinked)

Reaction exotherm (W/ g)

'.6 T T T
0 100 200 300

400

Temperature (°C)

Figure 4.3. Plots of DSC data from SU-8 samplesu@thick) that were
processed under different process conditions: negabntrol sample without
crosslinking; partly crosslinked sample under Cbadi2 (softbaking +
exposure + postexposure baking); completely crussti sample under
Condition 3 (softbaking + exposure + postexposuaidry + hard baking). X
axis represents temperature in degr€asy axis represents normalized heat
flow in W/g.
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Table 4.2. Summary of extent of cross linking reacat each process step

Condition 1 Condition 2 Condition 3

80um 40um 80um 40um 80um 40um

Enthalpy (J/g) 165.43  129.46  96.02 63.44 32.07 0

Extent of
Crosslink 0 21.74% 41.96% 61.65% 80.61% 100%
Reaction

To study the relationship between the extents oB3ldosslinking and its cytotoxicity,
human neural stem cells were plated onto SU-8 stbstwith different extents of
crosslinking. All these SU-8 substrates were tiéateoxygen plasma etching and then
coated with poly-ornithine and laminin to enhanet adhesion. SU-8 substrates without
etching were hydrophobic and not suitable for adhesion. Neural stem cells formed
spheres or clusters after plating and few cellevediserved on the surface (data not shown).
As a positive control, polystyrene Petri dishestedavith poly-ornithine and laminin were
used for cell plating. Figure 4.4 presents cellsites at different time points on different
substrates. Cell attachment was evaluated 4 htaradll plating. As shown in Figure 4.4,
more cells were observed on Petri dish surfaceammbmpletely crosslinked SU-8
substrates than on less crossslinked SU-8 sulsstateour 4. On Petri dish surfaces and
completely crosslined SU-8 substrates, cells pradiied with doubling time of 2.2 days and
2.8 days, respectively. The difference in cell fpeochtion rate between cells on the
polystyrene substrates and completely crosslinké@ Substrates may be due to the
different substrate moduli. Studies have showreffects of substrate modulus on cell
proliferation [41-43]. Polystyrene’s Young’s modslis around 3 GPa, SU-8's Young's

modulus is around 4 GPa [44, 45]; both are fardatgan the brain tissue’s modulus (around
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1000 Pa [41]). Neural stem cells have a higheriferation rate on substrates with a modulus
comparable to brain tissue; when substrate modatusases, cell proliferation rate
decreases [41]. On less crosslinked SU-8 substicgtslensity decreased after 24 h, which
suggested that incompletely crosslined SU-8 sulestrsiere cytotoxic to neural stem cells.
These results suggested that in application of $ti-®ng-term cell culture, it is important

to completely polymerize the material. As shownwehahe thicker the film, the more

difficult it is to completely polymerize the mataki Thus, when fabricating high-aspect-ratio
SU-8 microstructures for cell culture purposesitiitical to make SU-8 film fully

crosslinked to avoid material cytotoxicity. Theutls in this study provide an explanation for
our previous observations, in which human neurdbiaa cells SH-SY5Y survived in the 97

um thick but not in the 14pm thick microstructures [25].
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Figure 4.4. Neural stem cell density on controtiRish and flat SU-8 substrates
with different extents of crosslinking. Inset: fhiescent images showing neural
stem cells on different substrate, 72 h after ptatCells were stained with live
cell indicator calcein AM.
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Our results clearly established the relationshigvben the extents of SU-8 crosslinking
and its cytotoxicity, and provide SU-8 surface nfiedtion methods for human neural stem
cell culture. Even though SU-8 has been wildly useahicroelectromechanical system
(MEMS) parts with high-aspect-ratio, high optica@rtsparency and excellent thermal
stability [29, 30], the fabrication procedures lied its integration with currently used HTS
systems (e.g. 96-well plates) for neural netwottkvég readout. As an alternative, similar
microwell structures were fabricated in nanofibrpos$y-L-lactic acid (PLLA) film, which
was compatible with 96-well plates [35]. PLLA sadéfs are opaque, which is unfavorable
for optical detection methods. Methods have beparted to improve light transmittance at
the positions with microstructures. However, beeanfsts excellent optical transparency,
SU-8 microwell structures were used in the follogvstudies for cell integration and
cell-microstructure interaction to provide the @rob-concept for microwell-stem cell

platforms.

4.4.3. Integration of neural stem cells with SU-@nmstructures

In this study, human neural stem cells were sedefttethe neural network platform
development. Current cell sources for cell-basedysinclude primary cells, tumor-derived
cell lines and stem cells. The process of primatyl@arvesting is time consuming and
requires animal sacrifice. Although tumor-derivedisscan be maintained easily and
passaged unlimitedly, results derived from sucls @k usually questioned due to cell
abnormalities. As an alternative, stem cells prewidlimited cell sources and these cells are
considered normal; furthermore, stem cells aregitential — they can be differentiated into

any cell typdn vitro. For example, neural stem cells, which are derfveth embryonic
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stem cells are partially differentiated, multipdtand can develop into any type of neural
cells, such as neurons and astrocytes. Neuraleésnin culture appeared normal
morphologically and displayed normal features ahiamoreactivity when tested for
neuron-specific elements [47, 48]. In drug discgyeell-based assays involving neural stem

cells have great potential for screening compow@gdsnst many targets.

Human neural stem cells were seeded onto micrastegwith different well sizes. One
day after plating, live cells were observed withiitrostructures (Figure 4.5). Cell
distribution was random on 2D flat surface (Figdrg (a)); while within microstructures,
cell growth was patterned by microwells and chasi(feigure 4.5 (b) and (c)). These results
attest to successful integration of human neueahstells in SU-8 microstrucutres. In
previous studies, not too many live cells couldbserved within SU-8 microwell structures
[49]. Through intensified exposure and hard bak®lg;8 was completely crosslinked, which
eliminated its cytotoxicity. After surface modifioan by oxygen plasma etching, SU-8
surface was made hydrophilic, making it suitablerfeural stem cell culture. Compared to
high-aspect-ratio SU-8 microstructures used foromal cell culture reported by Choi et al.
[50], SU-8 microwell structures in this study prded patterning for cell growth and neural
network formation. One day after cell plating, gtbwnedia was changed to differentiation
media. Neurite extension appeared by day 7 inferdifitiation (Figure 4.6); differentiated
neural stem cells formed random neural network-ti&enectivity on flat surface (left); while
within microstructures, network-like formation wasided by structures (right). Neurites
grew along microchannels to cells in the neighlipriticrowells. Merz and Fromherz [28]

also reported a geometrically defined network @lilsmeurons using SU-8 microstructure. In
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the few studies using SU-8 microstructures for lsehaviorin vitro, only primary cells and
tumor-derived cells have been successfully integrat SU-8 microstructures [25, 26, 28,
32]. Even though patterned SU-8 microstructureghmen designed for neural implant,
these strucutures were still low-aspect-ratio [&l]r results proved that high-aspect-ratio
SU-8 microwell structures provide an effective tfwlguiding neural stem cell-derived

neural network-like organization.

la}

Figure 4.5. Confocal images showing neural steits celtured on flat SU-8
surfaces (a) and within micropatterns (b and cg @iameters of micropatterns in
(b) and (c) are 100 um and 50 um, respectivelyls@edre stained with calcein
AM one day after plating. Bar = 100 pm.

In Figure 4.5 (b and c) and Figure 4.6 (a, right)ne cells were observed on the
sidewalls of microwells, typically at the positiohchannel opening; neurite extensions were
also observed along the channels or at the opeficlgannels even before differentiation.
Similar observations were reported by Wang et3d].[In addition, some cells were
observed in the channels which are 10 pum wide. Wewet a lower microwell diameter of
15 pm, which is comparable to the diameter ofloetly in suspension, no cells were
observed in the microwells. These findings raiseelstjons of how cells got into channels

and whether the channel opening location had #tteaarchitectural features. To answer
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these questions, we used time-lapse microscopydy sell locomotion within 24 hours

after plating.

Figure 4.6. Fluorescence
images showing neural stem
cells cultured on flat SU-8
surfaces (left column) and
within microwells with a
diameter of 50 um (right
column) on day 0 (a), day 2
(b) and day 7 (c) into
differentiation. Cells were
stained with calcein AM. At
day 7 (c), differentiated neural
stem cells formed random
neurite extension on flat
surfaces; while within
microstructures, network-like
formation was guided by
structures. Bar = 50 pm.

(B}
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4.4.4. Cell-microstructure interaction study

4.4.4.1. Cell locomotion study by time-lapse reaugd

Figure 4.7 shows trajectory plots (a and b) andyensequences (c and d) for cell
movement on 2D surface. In absence of other aiistéract with, cells on 2D surface
moved randomly in confined areas (Figure 4.7 @ending neurites, stretching their cell
body, and changing their cell bodies’ orientatibiggre 4.7 (c)). In the presence of other
cells, cell movement pattern was the same; howeedirmovement area became wider
(Figure 4.7 (b)). Cells migrated around to get @wted and formed cellular clusters (Figure

4.7 (d)). During differentiation, they extended rigs to form neural network-like
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interaction (data not shown). Thus, neural steris ¢ehded to form interactions with other
cells and cellular locomotion was driven by thechém interaction, which is consistent with
previous studies [52]. Kulesa and Fraser [52] regubthat cell-cell interaction played an
important role in neural crest cell migratiomvivo. To study neural stem cell locomotion
within microstructures, the seeding cell densitygwantrolled at a low level (6xiﬁe|ls/cn’r)

so that single cell activity could be observed.
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Figure 4.7. Trajectory plots (a and b) and imagpieaces (c and d) of neural stem
cell movement on 2D surface. (a) and (c): in absariother cells to interact with,
cells on 2D surface moved randomly in a confinezhaprojecting out neurite-like
structure, stretching and changing their cell baidigientation. (b) and (d): in the
presence of other cells to interact with, the gselvement pattern was the same
while the cell movement area became larger; cefigad around to get connection
and formed cellular clusters. Bar = 50 um in (bj 460 um in (c).

At the beginning of the recording, cells were olssdrto fall into microwells randomly
(Figure 4.1S). Some cells fell onto the bottomhi@ microwell (Figure 4.1S (a) — (e)); some
cells attached to the sidewalls in the microweid(iFe 4.1S (f)). With 15 pm microwell,

which was comparable to the diameter of cell badguspension, no cells were observed in
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the microwells; while with 30 um microwell, celleeve observed in microwells. Thus, for
neural stem cell integration, microwell size shdokdlarger than the size of a suspended cell
to facilitate the ability of the cell to be incomaded into the well. More cells were observed
in the 100 um microwells; they formed cellular ¢&rs easily. Thus, the microwell diameter

is an important factor in the design of microwélustures for neural stem cell integration.
) i) Figure 4.1S. Phase contrast images

@) i
N/ NS ‘ N 4 SN ‘showing neural stem cells falling into
' " ' Mmicrowells randomly. (a-d): image
. W A sequence of cell falling onto the bottom
@ in of a microwell; the process took place
Al

microwells at 6 min of recording. Bar =

50 um.

within 6 min at the beginning of
Cells within microstructures, in absence of othadlsc had a limited active movement area

recording. (e and f): Cells fell to the
bottom or attached to the sidewalls of the

(Figure 4.8 (a)) which was confined by microwelsgure 4.8 (b)). As shown in Figure 4.8
(b), all the seven cells on the microwell bottorteracted with the sidewall; at the end of the
recording, six cells were observed at the openfngiorochannels, but none moved into
these channels. According to these trajectoriesestells first fell on the bottom in the
center of the well, but moved towards the sidevaline cell moved along the sidewall.
Figure 4.9 (a) presents a typical image sequens@gle cell interaction with
microstructures. Images were obtained by focusirigeabottom of microwells; some of
these images showed cells out of focus, suggettatgells crawled onto the sidewall. Cells
on the top of the microstructures, in absence leérotells, interacted with the microwell
opening edges (Figure 4.8 (c-d) and Figure 4.9 floyne cells moved towards the opening

edges, and some cells moved along the curved gpediges in a limited area. These
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observations suggested that single cell movemehtrwinicrostructures was confined,
which is similar to single cell movement on 2D sgd. In addition, cells tended to interact
with curved sidewalls of microwell structures eithdthin the microwell or on top of the

structure, the mechanism behind which is still kradwn.
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Figure 4.8. Trajectory plots of neural stem celvemment within 3D microstructures.
(a-d): Single cell interaction with micropatternasiimited and cell active movement
area was confined. Even though single cells coaldliserved at the opening of
microchannels, none moved into these channels). @dls within microwells
interacted with sidewalls. (c-d): On the top of thigropattern, cells moved towards
microwell opening edges. (e and f): In the presariagher cells to interact with,
neural stem cells formed connections with othdsgekll locomotion was more active
with a larger movement area (e), and cell movemast affected (guided) by
microstructures (f).

Figure 4.9. Image sequences of neural stem celemewnt within 3D
microstrcutures during the first 4 hours after pdditing. (a): Single cell movement
at the bottom of microwell. (b): Single cell movemen the top of micropattern.
(c): Cell moved into the well from the top (at thesition of channel opening or
along the channel); and formation of neurite-likecture across the microwell was
observed. Bar = 50 pm.
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In the presence of other cells, neural stem celisicrowell structures formed
interconnections. Cell locomotion was more actig\ire 4.8 (e)), which is consistent with
2D cell locomotion (Figure 4.7 (b)). Figure 4.8 ffesents trajectory plots for cells on the
top of microwell structure. In Figure 4.8 (f), sowals moved towards the microwell
opening edges and ended up at the opening of clsasoene moved along the channel
edges and the microwell opening edges; and someadhniato the well along the sidewall as
shown in Figure 4.9 (c). Cells, which fell onto tio@ of microstructures, moved into the well
from the top at the position of channel openinglong the channel (Figure 4.9 (c)); and
neurites across the microwell were observed ine¢berding. Even though cells did not fall
into microchannels, cells were observed to movagtbe sidewalls of microwell and
channel in the presence of other cells (Figure 4. P&ken together, cells tended to interact
with cells in neighboring wells; and cell-cell indetion was affected (guided) by

microstructures.
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Figure 4.2S. Image sequences of neural stem ceément within 3D
micropatterns during the first 24 hours after pddlting; cells moved along
the sidewalls of microwells and channels. Bar ;u5@

In-vitro studies of cell dynamics have been cardatwith substrates textured with
grooves and ridges at both micro- and nanoscaédd¢u3, 54]. Recently, Johnson et al. [55]
reported glioma cell migration on electrospun pajymlactone using time-lapse analysis.
However, there are few studies on human neural s&indynamic locomotiom vitro. For
the first time, our results showed dynamic neuieinscell locomotion within microwell
structures during the first 24 hours after platifigese studies have provided information on
how neural stem cells get into microwell structuaad how neural stem cells reacted to

microwell structures. Microstructure architectueeilcl be applied to guide connectivity
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driven cell locomotion (e.g. presence of microctesmuided neural stem cell migration). In
microstructure/scaffold design for stem cell in&gmn, microwell size control and
microchannel presence could be engineered for mmsticonment architecture optimization.
Neural stem cell migration plays an important prareurogenesis in adult neural tissue [56,
57]; our microwell structure may also provide atfolam for studying neural stem cell

migrationin vitro.

Based on time-lapse recording, microwell structyresided a 3D microenvironment for
neural stem cells integration; unlike cell locornaton 2D surface, cells within microwell
structures crawled onto sidewalls of microwellsrmved into microwells and moved down
along sidewalls. In implementing the resulting fgath (neural stem cells integrated with
microwell structures) in HTS, cells onto the waltscells on the bottom or both can be used.
This raised the question of whether there weredififigrences in cells based on location
within the microwell. To explore this question, feeused on similarity or difference with
respect to dimensionality as suggested by cytogkelerganization. Cells cultured on
“physiologically relevant” substrates have exhibitifferent cytoskeleton distribution from
that of cells on 2D surface [58, 59]. Cells on 2face spread out and exhibited actin stress
fibers, while cells cultured in 3D microenvironmdatd round shape and did not present

actin stress fibers within.

4.4.4.2. Effects of microstructure on cellular mwosfogy and function

Effect of microstructure architecture on cellulasnphology was studied by examing actin

distribution (Figure 4.10). Cells on 2D surface laatin distribution along cell bodies,
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especially in the neurites (Figure 4.10 (al-a2yesS fibers were observed within cell bodies
(Figure 4.10 (a3)). Within200m and 50um microwells, some cells spread on the bottom
surface and had a similar actin distribution pattes cells on 2D surface (Figure 4.10
(b1-b2), Figure 4.10 (c1)); but these cells wess lgpread out within microwells than cells
on 2D surface. Within 10@m microwells, cells formed cellular aggregates (iFeg4.10

(b3)); actin was observed along the cell body amdtress fibers were observed within cell
body; a similar pattern was observed for cells glthre sidewalls of 5dm microwells

(Figure 4.10 (c2)). Confocal image sections folsceithin these microwells showed the
aggregates of actin protein within cell bodies (ffgg4.10 (c3)). These results suggested that
50 um microwell structure affected cellular actin distition in a 3D manner. Studies have
shown that stress can lead to the formation ohattess fibers, which may result in an
autoinflammatory condition [60, 61]. Cells along tsidewalls of 5@m microwells

presented no stress fibers within; thus, it is fidsshat microwell structures affected cell
cytoskeleton organization in an autoregulatory neata avoid inducing inflammation and
cells had the tendency to reside in a more contitetanicroenvironment to avoid
inflammation. This may also partly explain why sdknded to interact with curved well

openings, or move towards curved sidewalls.
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Figure 4.10. Confocal
images showing actin
distribution within
neural stem cells
cultured on flat SU-8
—lSurface (al-a3) and
within microwell
structures (b1-b3,
cl-c3). The diameters
of microwells are 100
um (b1-b3) and 50 um
(c1-c3). Bar =50 um.

Table 4.3 summarized morphological measurememewfal stem cells on flat surface
and within microstructures at different well sizese day after cell plating. Cells within
microwells were less spread than cells on flatamaf as well size changed from 108 to
50 um, cell spreading area also changed significaRtly 0.01). Morphological roundness of
cells on flat surface was not significantly diffetérom that of cells within 200m
microwells; but with 5Gum microwells, cellular roundness was significatdsger (P<0.01).
Neural stem cells were also integrated with micrmstires with a diameter of 30n.
Morphological measurements showed even less spiggadea and larger roundness in 30
um microwells than 5@m microwells (data not shown). This finding, in egment with

previous work [62], confirmed that microstructuretitecture affects cell morphology.
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Table 4.3. Summary of morphological measurememthdman neural progenitor cells on
flat surfaces and microstructures before diffegitn

3D SU-8 3D S5U-8
Flat surface Microwells with Microwells with
D =100 pm D =50 pum
Area (um?) ..— * E
(meantS.D) 480+113 345+112 2124574
Peraeter (jim) 0814 85:18* 62+11%#
(mean+S.1).)
Remmdngss 0.630.11 0.61+0.13 0.690.10*#
(mean=S5.1.)
Cell number n=50 n=52 n=48

* Values that are significantly different from tleofor cells on 2D SU-8 substrates (p<0.01).
# Values that are significantly different from tedsr cells within microwells with D = 100m (p <
0.01).

Changes in cell morphology may lead to changeglirfunctionality [25, 26, 62-64]. For
example, human neuroblastoma cells (SH-SY5Y) imtiegk in SU-8 microstructures have
been characterized with respect to cell morphologsting membrane potential and
voltage-gated calcium channel function; and ceitiw microstructures responded
significantly differently from cells on flat surfag25, 26, 62]. Resting membrane potential
(Vm) establishment is an important electrophysioldgicaperty of neural cells that marks
functional differentiation; maintenance of an agprateV, is vital for maintaining
physiological functions such as action potentialpagation, cell signaling and ion channel
gating. The fluorescence method Y9 measurement was used in this study. Comparing the
means of the intra/extracellular fluorescence isitgiratios (R), it was found that ratio for
neural stem cells on flat substrates (75.71 £+ 4M3237) was significantly different (P<0.01)

from the ratio for cells in the 50m microwell structures (109.65 + 80.43, n=70). F&gd.11
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presents the frequency distribution of the estich&gvalues for neural stem cells on flat
substrates and in 50m microwell structures. The nonparametric Two-sampl
Kolmogorov-Smirnov test was used to test whetheMhdistributions were identical
between cells on 2-D surface and within 3-D miawagture. It was found that more negative
Vm values were established for cells in theuB®microwell network structures than for cells

on flat substrates (P < 0.05).
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Figure 4.11. Frequency distribution of the estirdateural progenitor resting membrane
potentials on flat SU-8 substrates and in the naietbnetwork structures. The
nonparametric Two-sample Kolmogorov-Smirnov tess wsed to test whether tkfg
distributions were identical between 2-D and 3-Isoen day 2. The test was based on
the null hypothesis HO: the two histograms are tidafly distributed versus the
alternative hypothesis H1: the two histograms atadentically distributed, and HO is
rejected at 5% level. Results indicated that megativeV,, values were established for
cells in the microwell network structures thandells on flat substrates (P < 0.05).
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These results indicated that cells cultured in asttuctured scaffolds exhibited more
negativeVp, establishment than on flat substrates, which iisistent with our previous
studies, in which SH-SY5Y cells in collagen hydrsd@8] or within SU-8 microwells [25]
developed a higher ratio than those on flat surfBeen though/y,, values around -90 mV
have been documented for neural stems or precdesived neural cells [65], the negative
Vm values in this study may be overestimated dueigpatentiometric binding. According to
Mao and Kisaalita [38], a procedure for correctising valinomycin is necessary for more
accuratéV/estimation. Since the neural stem cells were exhgsensitive to treatment with
valinomycin, that procedure was not followed in fiesent study. However, this does not
compromise the conclusions reached, becausé.tlralues have been employed in a strictly
comparative context. Thé, difference between 2D and 3D cells may be pauly  the
altered cytoskeleton organization [66, 67]. Cytdstan changes may affect stretch-activated

ion channels, which could affect neuronal respoaseisregulate cell differentiation.

Taken together, these results showed that micrastreittures affected neural stem cell
morphology as well as functionality with respectesting membrane establishment,
providing evidence that these high-aspect-ratiaosituctures are not “folded-2D” and can
provide quasi-3D microenvironments for cell cultureour preliminary 2D/3D
transcriptomic comparative study [68], Human WhBknome U133A 2.0 Plus GeneChip
Expression Analysis (Affymetrix, Santa Clara, CAaswperformed for neural stem cells. The
set of genes related to neural network connectimigchizophrenia, discussed in the
Introduction, were found to be upregulated in 3@amparison to 2D cultures (Figure 4.3S

(a)). Furthermore, these genes were upregulatdiff@rentiation at day 14 compared to
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those before differentiation (Figure 4.3S (b)). fEheesults were further confirmed by
immunostaining for some synaptic makers’ expres§Bigure 4.3S (c)), suggesting that
neural stem cells have the potential for creatimggroposed platform with physiologically
relevant neural network. In the next step, we wokhfirm the synaptic connectivity in the

platform followed by validating the platform withigs known to treat schizophrenia.
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Figure 4.3S. (a-b): Microarray gene analysis resliited genes are related to neural
network connectivity and schizophrenia as discugséite Introduction. Neural stem
cells were cultured under three conditions (nestexin cells on 2D before
differentiation, in 3D before differentiation, and 2D after differentiation); four
biological samples were tested in each group. TRkA was isolated from all these
samples using Qiagen RNeasy Kits (Qiagen, Vale@#g,according to the
manufacturer’s standard protocol. Pure RNA samplae sent to Affymetrix Core
facility at Medical College of Georgia for Human W& Genome U133A 2.0 Plus
GeneChip Expression Analysis (Affymetrix, Santar&J&€A). The expression value
of each gene was obtained by Expression Consofgr{etrix) with the probe
logarithmic intensity error (PLIER) algorithm. Exgssion values were then
normalized using the Quartile Normalization teclueigs suggested by Affymetrix.
Average values from each group were used for caticulation. (a): ratios of listed
genes’ expression levels are presented for celtsdeifferentiation in 3D porous
polystyrene scaffolds (Cheng et al., 2008) oversBbace (2D). (b): ratios of listed
genes’ expression levels are presented for celosurface at day 14 after
differentiation over before differentiation. (c)o@focal images of neural stem cells on
2D glass surface before differentiation (top roml at day 21 in differentiation
(bottom row), stained with MAP2 (green), synapsedj and synaptophysin (SYN,
red). Scale bar = 100 pm.

4.5. Conclusion

This study constitutes the first step toward a-baed HTS drug discovery platform
comprised of quasi-3D stem cell-derived neural oeks& housed in interconnected

microwells. The results support the following carsibns.

1) SU-8 material associated cytotoxicity to celis de avoided by process conditions that
ensure completely crosslinking. Relationship betw®B-8 crosslinking and cytotoxicity has
been established; SU-8 microstructure fabricatiwh surface modification procedures have
been established to yield a biocompatible micraemvhent for human neural stem cell

culture.
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2) SU-8 microwell structures can be used to patteural stem cell growth and neural

network formation. Human neural stem cells havenlmecessfully integrated and

patterned with SU-8 microwell structures and patdrneural network-like formation was

observed for differentiated neural stem cells wittmicrostructures.

3) Microstructure architecture (e.g. presence afrathannel and microwell) can be applied
to guide interaction-driven activity of neural stegils within a 3D microenvironment.
Cellular morphology, cytoskeleton organization aesting membrane potential
establishment of cells within microstructures watiaistically significantly different from
those of cells on flat 2D surface; microwell stuues can provide 3D microenvironments for
cell integration, offering the opportunity for engering quasi-3-D neural network

connectivity.
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CHAPTER 5

CHARACTERIZATION OF MICROPATTERNED NANO-FIBROUS SCAFFOLDS
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5.1. Abstract

Micropatterns were fabricated in nano-fibrous poliactic acid (PLLA) films by laser
micromachining and the resulting scaffolds wererabi@rized with respect to architecture,
thermal, mechanical and mass transport prope&iss, human neural stem cells were
successfully cultured in these micropatterned réwous scaffolds (MNFSs). The scaffolds
were incorporated in high-density well plates (€9¢-well plates), creating a platform for
high-throughput screening (HTS) of drugs with pbi@gically more relevant networked
neural cultures. Through mathematical modelindhefttansport of model stimulants, the
feasibility of stimulating neural networks culturedMNFSs was demonstrated. More work

is needed to establish biological network actiwWti-S architecture relationships.

5.2. Introduction

Mental and/or neurodegenerative disorders, susil@gophrenia and Alzheimer’s
disease (AD), are among the most devastating #k®es western society. However, there
are few effective drugs for such disedsés example, currently used drugs for
schizophrenia still have shortcomiAgBrug discovery against these disorders is intgrea
demand, which calls for effective screening of Eadé molecular libraries to identify
effective small molecules as drug leads. To quiaéntify hits from diverse molecular
libraries, cell-based assays together with autodniaigh-throughput screening (HTS) are the

state of the art.

Many studies have suggested that synaptic path@ondyneurotransmission dysfunction

underlies these biological mechanisms for mentdlrsurodegenerative disorderseural
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networks, which can recapitulate these crucialgis,gnay act as a platform for screening
available molecule libraries in drug discovdryvitro screening of drugs that affect neural
network functiorin vivo is still primitive as current assays rely on singéllular responses
from two-dimensional (2D) cell cultures. Three-dms@nal (3D) cell-based assays may
yield physiologically more relevant results andstihave the potential to bridge the gap
between 2D assays and preclinical animal testangng time and cost by improving clinical
efficacy predictability. Thus, engineering a platfofor 3D neural network patterning vitro

for HTS system is an ideal first step to move tordbral-network-based assay.

To pattern neural networks formatiomvitro, chemical patterning and structural guiding
% are commonly used methods. Microlithographic nialeand techniquésmicrocontact
printing”® and self-assembled monolayease mainly used to tailor the properties of the
substrates for patterning neural cell growth. Hosvethese cells are maintained on 2D
substrates. Topographical structures can provigsigal guidance for neural network
formationin vitro and micropatterned substrates have long beendmrasi a promising
approach for the creation of defined neuronal ngta/im vitro. High-aspect-ratio
microstructures are thought to provide quasi-3Dra@nvironments with well-defined
architectures for neural cell growth and neuraioek formatiort®*% Microstructures made
of polydimethylsiloxane (PMD$j and SU-8 (epoxy-based negative photorésiegve been
reported to control neuronal outgrowth and syndpseationin vitro. However, these
structures are devoid of natural extracellular mgECM) architecture with respect to

nano-fibrous structures.
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To best mimic the architecture of the natural E@&ho-fibrous scaffolds have been
fabricated using phase separatforlectrospinninty and self-assembl§; The nano-fibrous
scaffolds are able to promote the differentiatibneural stem celf$*®and induce “3D
matrix adhesion” as defined by Cukierman et%ih human fibroblast cells. These
nano-fibrous structures have been combined witliop@rous structures for tissue
engineerin®. In this study, we aimed to combine the effectaario-fibrous scaffolds on
neural stem cell differentiation and that of mid¢rostures on neural network patterning, to
provide micropatterned nano-fibrous scaffolds (MNJf&r neural network formatioim
vitro. Furthermore, we aimed to integrate the MNFSs wittiently used HTS systems (e.qg.

96-well plates) for neural network activity readout

To study neural network activity, depolarizing redwells by chemicals and observing
signal propagation (such as calcium wave propagationulated by high concentration
potassium buffer) is one commonly used methddith the development of fluorescence
based technologies and their implementation in Eys&&ems, e.g., fluorometric imaging
plate reader (FLIPR), neural-network-based assmbawed with fluorescence imaging could
be an invaluable tool in drug discovery, especiidlyscreening drugs or compounds against
neural network activity. In such an applicationeanain concern is to distinguish whether
the signal propagation observed in the networkiestd cell-to-cell connectivity or due to
stimulant compound diffusion from the injection spthus, the third aim was to simulate
model stimulant compound transport to compare cbaindiffusion to signal propagation in
MNFSs with the goal of establishing the feasibibfystimulating neural networks by

chemical means in this platform.

100



5.3. Materials and methods
5.3.1. Fabrication of nano-fibrous scaffold

The nano-fibrous scaffold was fabricated by thaitlgiquid phase separation method
using poly-L-lactic acid (PLLAY. Fig. 5.1 shows the flow diagram for the fabrioati
process. Briefly, PLLA (Sigma, St. Louis, MO), wa@mogeneously dissolved into
tetrahydrofuran (THF) at various concentration2%%-5% wt/v). Based on previous
studies* and preliminary study in our group (data not shpitris found that when the
concentration increased (such as 9% wt/v), thetisol{PLLA in THF) became very viscous
and the fabricated scaffold lacked porous structmenanofibers. When the concentration
was too low (such as 1% wt/v), the formed gel waxy ¥luffy and unstable in cold water.
Thus the range 1.25%-5% wt/v was chosen in thidystt mL PLLA/THF solution was
pre-warmed at 55 °C and then quickly cast ontaagPetri dish (8 cm in diameter) followed
by ultra-freezing at -80 °C for 2 h. The gelled P/THF solution was immersed into cold
double distilled water (4 °C) for 2 days to leaci the solvent (THF). Water was changed
three times every day and the resultant PLLA stmgctvas air-dried. PLLA scaffolds without
nano-fibrous structures were fabricated followihg same procedure but without the

ultra-freezing process.
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Cell integration and

i /////M network formation

Micropatterns fabricated in
nano-fibrous PLLA scaffolds

Nano-fibrous PLLA scaffold s

Fig. 5.1. Flow diagram of the fabrication procgs3:the resultant nano-fibrous PLLA
structure; (b) the schematic of micropatterns figd in nano-fibrous PLLA film; the
top is the top view and the bottom is the crossiewiew. Assuming a neural
network in the microstructure unit, stimulus woblel added through a micropippet to
the cell at the center of the stimulus microwetiggion 1) Cellular signal (e.g. calciu
wave) would propagate from the stimulus microwedigition 1) to the neighboring
well (position 3) within this neural network; meahm\e, the stimulating compound
would diffuse from the stimulus well (position b)the neighboring well (position 3).
Scale bar = 100 pm.

5.3.2. Characterization of nano-fibrous PLLA schf$o

5.3..2.1. SEM observation. PLLA scaffolds were sputter-coated with gold 86rs to achieve
a coating thickness of about 15.3 nm. SEM images waptured with a FEI Inspect-F
scanning electron microscope (FEI Company, OR, U&/ker diameters were measured

with Simple PCI image software (Compix Inc., Crampd ownship, PA).

5.3.2.2. Porosity measurement. The porosity values of the nano-fibrous scaffette
measured by liquid displacem&tEthanol was used in our procedure because itizeed

easily into the pores and did not induce shrinkarggewelling.
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5.3.2.3. Diffusivity measurement by fluorescence recovery after photobleaching (FRAP).
Diffusion coefficients of both small and large nmiéar weight compounds were measured
with fluorescein sodium and FITC-dextran. Fluor@ss®dium, USP (MW = 332, Allied
Chemical, India) was chosen because it is simil@ize to many small molecular weight
drugs, such as ketamine (MW = 238). FITC-dextra#0(kDa, Sigma-Aldrich) was selected
because it is similar in size to some large mokacweight compounds in media, such as

leukemia inhibitory factor (LIF, ~32-62 kDa).

All FRAP experiments were performed on a Leica D8@00B microscope with Leica
TCS SP5 LAS AF FRAP wizard (Leica Application Sultdvanced Fluorescence). Samples
were incubated with fluorescein sodium {@8@) or FITC-dextran (3QM) at 4 °C overnight.
Before testing, samples were equilibrated at recemperature for 30 min, and all tests were
performed at room temperature (25 °C). FRAP expemisiwere carried out in the middle of
the scaffolds. The middle zone FRAP experimentewerformed at approximately half of
the scaffold thickness from the surface. All phdéalohing was performed with an argon
laser at 100% power (100 mV, 488 nm emission) 82t.8 s. Images in recovery process
were performed with an argon laser at 5% poweB&&.4 s (300 frames, with an interval of
1.315 s). All images were recorded with a 20x/0&XHL APO CS 0.70 DRY UV objective

(Leica). Images were 512 by 512 pixels.

Diffusion coefficients were calculated from the AR&xperiments using the method
described by Axelrod et &. Briefly, the mean fluorescence in the bleacheibreover time

was converted to a normalized fractional fluoresegntensity
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f= F(t)-F(0)/F¢o)-F(0) 1)

where F(t) is the fluorescence intensity at tinfe(@) is the fluorescence intensity
immediately after bleaching, andefj(is the fluorescence after complete recovery. The
fractional fluorescence intensity was plotted vertione and fitted with a logarithmic curve.
The recovery rate varied with size of the bleacdred, location of the bleached area and the
size of the diffusing molecud2 The equation for the curve was used to deterthiae
half-recovery time1y/,) at f = 0.5. The bleaching parameter, which dessrihe relationship
between the half-recovery time and the characiedsfusion time, was also calculated
according to Axelrod et af*. The half-recovery timez 1/, , the measured initial spot radius

and the bleaching parametes,®*, were used to determine the diffusion coefficiént,
D=(» 24+ ) YD (2)

5.3.2.4. Thermal properties. The thermal properties of air-dried PLLA scaffoldere
characterized by differential scanning calorimgéBP$C). The Thermal Analysis Instruments
Mettler Toledo DSC 823 Mettler-Toledo Inc., Columbus, OH) was operatedtandard
mode using an aluminum pan reference with a nitrqgege rate of 50.0 mL/min. The
standard mode DSC heating program was equilib@t@0°C and the ramp temperature set
at 10°C /min to 200°C. Glass transition temperaligg, the melting temperature (), and
the enthalpy of melting of PLLAAH,) were determined. The degree of crystallinity)(X
was calculated asgé AHpy /AH, whereAH,” is the enthalpy of melting of 100%

crystalline PLLA. The calculated value 8H,is 93.7 J/§**2
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5.3.2.5. Mechanical property. The compressive modulus of the nano-fibrous PiscAffolds
(5% wt/v) was measured at ambient temperature séh®les were tested on an Instron
Model 3344 Materials Testing Machine (Instron Ganton, MA, USA). Scaffolds were cut
into pieces (approximately 10 mm in length and 1 im width) for testing. Samples were

compressed at a displacement rate of 0.6 mm/munr. #éferent samples were tested.

5.3.2.6. Optical property of micropatterns. Light transmittance of polymer scaffolds at the
pattern position was measured by a microscope (BRAIMpus) coupled with a digital
camera (D100, Nikon). Images were taken with tmeesktamp power and exposure time.
These images were processed with SimplePCl 20@@a@f. The light transmittance ratio
was calculated by dividing the sample mean gregllerom three different spots by the

control grey level (plain cover slips).

5.3.2.7. Surface energy and contact angle measurement. Contact Angle System OCA (Future
Digital Scientific. Corp., USA) with analysis sofaine (SCA20) was used to determine the
surface contact angles on the nano-fibrous PLLAp@sboth before and after NaOH
treatment. Distilled water was used as a contactihgent. All data were obtained 5 s after
placing the droplet on the surfaces under ambiemditions. The surface energy of the
contacting surface (g was calculated according t@=EEy,co9. E, is the surface energy
between the water and air, which is 72.8 mMiHNR0 °C for pure wate;is the static contact

anglé®,
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5.3.3. Fabrication of MNFSs

Nano-fibrous PLLA scaffolds were micromachined wathexcimer laser-based laser
micromachining system Resonetics RapidX250 (RegmmdliSA). The excimer laser model
coupled to this system was ATLEX-500-SI (ArF, 198 wavelength). The direct write
approach was used as micromachining mode. Usingpppate mask sizes, channels (10-20
um wide) and wells (up to 10@n in diameter) were fabricated into the nano-filsrou

structure, creating high-aspect-ratio MNFSs.

5.3.4. Integration of MNFSs with 96-well plates

MNFSs were cut into pieces that can fit into thélsvef 96-well platesif Vitro
Scientific, Sunnyvale, CA) using laser micromachiwith the Rapid X 250 Excimer
System (Resonetics, Nashua, NH). Then PLLA piecae \glued on the bottom of these
wells by MONO AQUA liquid glue which is transparearid non-toxic (American Tombow

Inc., Suwanee, GA).

5.3.5. Simulation of chemical diffusion in MNFSs.

As depicted in Fig. 1(b), a stimulating compoundwadded through a micropippet to an
imaginary cell at the center of the stimulus miocetiii.e. postion 1). If the stimulus
concentration at position 1 reached the threshaldev(e.g. voltage-gated calcium channel
opening), cellular response at position 1 and $igr@pagation (e.g. calcium wave
propagation) from the stimulus microwell (positibnto the neighboring wells (i.e. position 3)
would be induced. Meanwhile, the stimulating compbwould diffuse from position 1 to

position 3. At the time it took the signal to reails at position 3, the stimulus
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concentration due to diffusion was compared withttireshold value for inducing cellular
response; confirming that the cellular responsevioalld be observed at position 3 would

only be due to network connectivity and not théusiing chemical.

Diffusion of small molecular weight compounds WittMNFSs was simulated with
COMSOL Multiphysics 3.5a (COMSOL Inc., MA, USA).ugrescein was chosen to
represent small molecular weight compounds. Flusies500 mM*) was added through a
micropippet with a tip opening of @n, 20pum or 50um. And the threshold value for
stimulating cell response was assumed to be 58'miDiffusivity of fluorescein in water is
640 x 10°m?/s2® and that of fluorescein in nano-fibrous PLLA scidf (5%) was
measured as described above. Calcium waves haweobserved to travel at a speed ranging
from 10pm/s to 100um/s?’. A calcium wave propagating speed ofi#/s** was assumed.
Microwell diameter was 50m and channel width was 1n; two channel lengths (70m

and 100um) were investigated.
5.3.6. Cell line and cell culture

Human neural stem cells ENSteni*Awere purchased from Millipore (Billerica, MA)
and maintained in 35 mm Petri dishes with 2 mL dlomedium in a 5% C&humidified
atmosphere at 37 °C. ENStem*Aexpansion media supplemented with
penicillin/streptomycin, L-glutamine and basic fibtast growth factor (bFGF). The medium
was changed every other day. The cells were pagdéggeechanically pipetting when
progenitor cells reached 90% to 100% confluenamyred 1.2x1Bcells were seeded into

each new dish. Prepared nano-fibrous PLLA micrepast were treated with 0.2 M NaOH
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for 40 min at 40 °C to increase the surface hydiiphThen samples were sterilized by
immersion in 70% ethanol in distilled water (DI)der a UV germicidal lamp overnight.
After sterilization, they were rinsed in sterile Water 3 times. The substrates were then
coated with poly-ornithine (Sigma, St. Louis, M@)water at a concentration of 49/mL
for at least 1 hour. This was followed by coatingwmaminin (Sigma, St. Louis, MO) at a

concentration of mg/mL. These dishes were stored at 4 °C unstill use.

5.3.7. Fluorescence staining and fluorescent niomg

Neural stem cells were stained with calcein AM (RBim, Hayward, CA). This
fluorescent dye stains live cells and their extemsiby the presence of intracellular esterase
activity, which converts the non-fluorescent cadlipeant calcein AM to intensely
fluorescent calcein. Cells were washed with 2 mufdbasal without phenol red (Invitrogen,
Carlsbad, CA) three to five times. Then cells wexposed to 2 mL @M calcein AM in
neurobasal and incubated for 30 min at 37 °C bef@estaining solution was replaced.
Samples were washed with neurobasal 3 times. Sditaplescence was viewed and
captured with a B-2E/C FITC filter block (Nikon, Méle, NY, USA), which has an

excitation bandwidth of 465-495 nm and a filtergeange of 515 - 555 nm.

5.3.8. SEM observation

Cells on PLLA patterns were fixed with 2% glutaetiggde in 0.1 M sodium cacodylate
buffer (pH 7.2) for 1 h and then rinsed in cacotylauffer three times (15 min each). This
was followed by post-fixing with 1% Og@n 0.1 M sodium cacodylate buffer for 1 h and

rinsing in cacodylate buffer three times (5 mintgad@he samples were then dehydrated in
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35%, 50%, 70%, 80%, 95% and 100% ethanol succégdorel0 min each and dried in
Hexamethyldisilazane (HMDS, Sigma, St. Louis, M8gaffolds were sputter-coated with
gold for 60 s to achieve a thickness of about b3 SEM images were captured with a FEI

Inspect-F scanning electron microscope (FEI Comp@m; USA).

5.3.9. Data analysis and statistics

Student’s t-test was used for statistical compassof fiber diameter and porosity.

5.4. Results and discussions

5.4.1. Characterization of nano-fibrous PLLA schffo

5.4.1.1. Sructure, porosity and mass transfer within scaffolds. Figure 5.2 shows the SEM
images of nano-fibrous PLLA scaffolds prepareditiéent concentrations of PLLA in THF.
Fiber diameters were measured and the results@senged in Table 5.1. It was found that
the fiber diameters increased significantly (P<PwWBen the PLLA concentration increased.
These fibers were all at sub-micro scale (~ 2000-18n), which is close to the size range of
collagen matrix (~ 50 - 200 nm). Thus the nanofils structures could mimic the

architecture of the natural extracellular matrixC(&) with respect to fiber size.
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Table 5.1. Fiber size distribution of nano-fibraesffolds fabricated with various PLLA

Fig. 5.2. SEM images of
nano-fibrous PLLA
scaffolds prepared at
different concentrations of
PLLA in THF (a-c): (a)
1.25% wt/v; (b) 2.85% wt/v
and (c) 5% wt/v. (d) shows
5% wt/v PLLA in THF
scaffolds without
nano-fibrous structures.
Scale bar =5 um in (a-c),
and 20 pm in (d).

concentrations
Concentrations of PLLA 1.95 2 85 5
in THF solution (wt/v%) ' '
Fiber diameter 202.8+33.9 238.2+45.1* 293.6+49.4*#
(mean+SD) (nm) (n=77) (n = 49) (n = 38)
92.2+3.0 85.9+0.2* 84.9+1.2*
Porosity (%)
(n=3) (n=3) (n=3)

*: P<0.05. Compared with the data of 1.25% (wt/k}R scaffold. #: P<0.05. Compared with the

data of 2.85%(wt/v) PLLA scaffold.

The nano-fibrous PLLA scaffolds were highly

with PLLA scaffolds without nano-fibrous structumekich had a porosity of 53.85%, the
porosities of nano-fibrous PLLA scaffolds were ab®0%. As the PLLA concentration
increased, the scaffold porosity decreased (Talile However, the porosity was still above

80%. These results were consistent with resultféaze-dried PLLA nano-fibrous scaffolds

por@ssshown in Table 5.1. Compared

14 suggesting that the drying method may not betifan resultant porosity.

110



Highly porous PLLA scaffolds allowed molecular diion within the scaffolds,
ensuring cells in the scaffolds enough exposudhémicals in the media. In cell culture
media, compounds vary from small molecules (MW B4kto large ones (MW ~ 60 kDa).
And fluorescein sodium and FITC-dextran were sekbtb represent these compounds.
Diffusivities of fluorescein sodim and FITC-dextremPLLA scaffolds with different PLLA
concentrations in THF (2.85% and 5%) were studie&#RAP. Fig. 5.3 presents examples of
fluorescence intensity recovery in the bleachedbreys. time in 2.85% (wt/v) PLLA
scaffolds. As expected, larger molecules diffusedtmslower than small molecules. In
2.85% (wt/v) PLLA scaffolds, diffusivity of fluoregnt sodium was 124.38 + 2.Qeh/s (n =
3) and diffusivity of FITC-dextran was 5.26 + 0.2&%s (n = 3); in 5% (wt/v) PLLA
scaffolds, diffusivity of fluorescent sodium wasA1®1 + 1.90um?s (n = 3) and diffusivity of
FITC-dextran was 4.21 + 0.50n%/s (n = 3). The measured diffusion coefficient of

fluorescein sodium in 5% PLLA is smaller than timatvater?®2®

1.0

Fluorescein sodium_

FITC-dextran

Fractional Fluoresce Intensity

0.0 +

T T T T T
(0] 100 200 300 400 500

Time (s)

Fig. 5.3. Examples of fluorescence intensity recpue the bleached region vs. time
after bleaching in 2.85% (wt/v) PLLA in THF scaffisl
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5.4.1.2. Mechanical property and thermal property. As supportive substrates for cell culture
and platforms for HTS application, sufficient megttal strength of the scaffolds is required.
The compressive modulus of the nano-fibrous PLL&Affetds (5% wt/v) was measured. The
nano-fibrous PLLA scaffolds had a compressive masiolf 9.65 + 0.43 MPa (n = 4).
Compared with the modulus of freezing-dried nanoroiPLLA scaffolds which was within
50 kP&°, the increase in film stiffness may be due toainelrying process. Mechanical cues
from microenvironments, such as substrate modalffect cell behavior, especially directing
neural stem cell differentiatiof* According to these studies, neural tissues peder
substrates with a modulus of the brain tissue @00 Pa). In our case, the nano-fibrous
PLLA substrates are too stiff to provide an in-vlike substrate for neural cell growth with
respect to stiffness. However, the architectumnicfowell structures promoted cellular
cluster formation within the microwells (as showrFig. 5.5 and Fig. 5.6). Cell-cell contact
within the clusters could become dominant for déferentiation. Thus, the nano-fibrous
PLLA micropatterns are still promising in providiagmicroenvironment which favors neural

stem cell growth and differentiation.

Though PLLA has gained much interest in tissueregging, its lower melting
temperature and lower ability of crystallizatiomi its widespread applicatidh Thermal
properties were studies by DSC and the resultprasented in Table 5.2. The average glass
transition temperature §) and the average melting temperaturg) (@ nano-fibrous PLLA
scaffolds was 65.55 °C and 175.93 °C, respectividig. average crystallinity KXwas found
to be 56.71%. PLLA scaffolds without nano-fibrotiuistures (5% wt/v) were fabricated

without ultra-freezing process and their thermalparties were characterized by DSC. These
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PLLA scaffolds without nano-fibrous structures (9#v) had a lower §(53.46 °C ) and a
lower X (31.11%) than nano-fibrous PLLA scaffolds (5% Wtindicating that the thermal
properties and crystallization properties have hegmmoved in nano-fibrous PLLA
scaffold$?. Thus, the nano-fibrous PLLA scaffolds have gpestential as high performance

polymers for HTS systems.

Table 5.2. Thermal properties of PLLA nano-fibr@gaffolds determined by DSC

Concentrations of

PLLA/THF solution T4 (°C) Tm (°C) X (%)
(Wt/v%)

1.25 67.62 175.39 56.64
2.85 64.88 176.65 56.98
5 64.14 175.74 56.52

5.4.2. Fabrication and characterization of MNFSs

Laser micromachining is a powerful tool for microsture fabrication. It is capable of
cutting, drilling, etching, stripping, and skivimgaterials such as polymers, plastics, glass,
semiconductor materials, ceramic and thin metatsl &chievable microstructure dimension
ranges from um to Imm. Fig. 5.4 shows different micropatterrwitsated in nano-fibrous
PLLA films. The “direct write” approach was usedthe micromachining mode. Using
appropriate mask sizes, channels (aroungmpPand wells (up to 100m) were fabricated
into the nano-fibrous structure. The depths caocdgrolled by the number of laser pulses
(data not shown) or energy level (which was kepistant in this study). Laser
micromachining can be directly applied to differ&mds of polymers using direct write

approach, which provides flexibility in materialabes, fabrication techniques and pattern
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design. In addition, the fabrication technique dsgaise of chemical reagents that may
introduce undesirable effects for cell culture aggilons. Furthermore, using this technique,

it is possible to produce microstructured unitsufficiency to meet the need in HTS.

0.8

0.6

0.4

PLLA without PLLA with control
pattems pattems

Light transmittance ratio
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Fig. 5.4. SEM images (a-d) of micropatterns faliesdan nano-fibrous PLLA in THF
scaffolds (5% wt/v). (a): a microwell array. (b)natwork pattern consisting of
microwells and channels. (c): a network patterrs@img of channels only, without
microwells. (d): the crosssection of a channehmdcaffold. (e): phase contrast image
of micropatterned nano-fibrous scaffolds (MNFSsina@d). (f): the light transmittance
profile at the positions with micropatterns (sushpasition 1 and 2 in (e)) and without
micropatterns (such as position 3 in (e)); * intichthat the light transmittance ratio at
the position with patterns was significantly highiean that at the position without
patterns. Scale bar = 500 um in (a) and (b), 200rufm) and (e), and 50 um in (d).

Compared to microstructures derived through traxéti microfabrication using SU-8 or
PDMS, micropatterns based on nano-fibrous PLLAfstdg have high porosity. Also,
nano-fibrous structures provide extra cellular matontact for cell attachment that mimics
in vivo extracellular collagen fibers in terms of scalewéver, PLLA scaffolds are opaque,
which is unfavorable for optical detection methobs.solve this problem, microwells in
PLLA scaffolds were drilled through, leaving a tHilm at the bottom and making cells in
the wells optically accessible (Fig. 5.1 (b)). B¢} (e) shows a phase contrast image of the
MNFSs in Fig. 5.4 (b). From Fig. 5.4 (f), it is deint that the light transmittance at the

positions with microstructures was improved.

Prepared MNFSs were hydrophobic, which is unfaverédr cell culture. To tailor the
surface property for cell culture purpose withdudreging nano-fibrous structures, MNFSs
were treated with 0.2 M NaOH. Studies have showhNaOH treatment on PLLA increased
material wettability and surface roughness at natenscal&. Modification of surface
wettability/energy can be used to improve cell aittreand proliferatiof?' ** Through base
hydrolysis treatment, the contact angle of PLLAnfitlecreased from 116240 46.4°, and
surface energy increased from -32.3 nfr60.2 mJ/rh The modified PLLA surface would

be suitable for cell attachment. Fig. 5.5 and Bi§.show cell integration with MNFSs. Cell
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patterning in a network pattern consisting of mioetls and channels (as in Figure 5.4(e))
can be observed in Fig. 5.5 (b). Cells attachatdanside walls of the microwells and
formed clusters within the wells (Fig. 5.5 (c) gdj). Neurite extension was also observed
along the microchannels (Fig. 5.5 (c)). These olesgions were confirmed by SEM images
in Fig. 5.6. Thus, we successfully integrated nlesteam cells with MNFSs. The nano-fibrous
PLLA based micropatterns can provide physical guigsfor neural network formatiaon

vitro.

Fig. 5.5. Fluorescence images of
calcein stained neural stem cells:
(a): on 2-D nano-fibrous PLLA
substrate. (b-d): within MNFSs; a
network pattern consisting of
microwells and channels (as in
Figure 4(e)) was applied in this
study. (c-d): cells attached to the
sidewalls of microwells or formed
clusters in the wells; dotted line
shows the position of channels.
Scale bar = 150 um in (a) and (b),
100 um in (c) and (d).
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Fig. 5.6. SEM images of neural
stem cells: (a): on 2-D
nano-fibrous PLLA substrate.
(b-f): in a network pattern
consisting of microwells and
channels (as in Figure 4(e)). (b-c):
attached to the sidewalls of
microwells or formed clusters in
the wells. (d-f): neurite extensions
observed in the well and along the
channel (arrows). Scale bar = 50
um in (a), (c) and (e), 30 um in
(b), and 10 pm in (d) and (f).

5.4.3. Integration of MNFSs into high-density-welhtes

To demonstrate potential for MNFSs in HTS systerh|H8s were integrated with
96-well plates. These films were cut into pieced th 96-well plate (Fig. 5.7 (a)). The pieces
were then glued on the bottom of these wells witloa-toxic glue (Fig. 5.7 (b) and (c)),
which did not affect the nano-fibrous structure®bt A scaffolds (Fig. 5.7(d)). The glue
formed a thin film between PLLA scaffold and gléBg). 5.7(d)). The glue sealed the
nano-fibrous structures only at the interface okdilm and PLLA scaffolds (Fig. 5.7(e)).
The glue is transparent and the thin glue filmrgbt block light transmission (data not
shown). Combined with fluidic handing, this proceas be adapted to any other currently
used cell culture dishes or plates (24-well, 384-plates), providing ready-to-use
convenience and automated instrumentation compiptitur future study will characterize

neural stem cell differentiation and network coriivity within nano-fibrous PLLA
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micropatterns, which will provide a proof-of-contépr network-based platform for

biosensing in drug screening.

Fig. 5.7. (a): a small round piece of

c MNFSs which was cut by laser
micromachining according to the
dimension of 96well plates; (b) an
(c): the top (b) and bottom (g)ews
of 96-well plates after integration of
MNFSs. (d) and (e): SEM images
of nano-fibrous PLLA scaffolds
glued onto the plate glass bottom.
At the interface of PLLA scaffold
and glue, the nano-fibrous
structures were sealed by glue
——— (arrow); but most of the PLLA film

still kept the nano-fibrous structures

as shown in (d) and (e). Scale bar =

100pm in (d) and 20 um in (e).

-4
-4

5.4.4. Simulation of chemical diffusion in MNFSs

Fig. 5.8 (a) presents the fluorecein concentrgtiaifiles at different positions in MNFSs
after injecting from the tip. At position 1, themstlus concentration drops abruptly from
initial 500 mM to around 16 mM at 0.1 s. Thus tlk@aentration at position 1 reaches the
threshold value of 50 mM within 0.1 s, and the eg¢lbosition 1 would get stimulated. At
position 2, the concentration increases to abanMdand then decreases to 0 gradually,
which is lower than the threshold value and cowtinduce cellular response. This indicates
that 6pum wide tip can be used to chemically stimulate Isimgll without affecting cells
nearby. The concentration at position 3 increalgistly to a value above 0; and the process
happens very slowly. A calcium wave propagaticawveting at 43um/s, takes around 3.5 s to
reach the neighboring well from the stimulationtspben the channel length is 1pt. At

that time, the concentration at position 3 is #ilver than the threshold value for inducing
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cellular response (Table 5.3). Thus, if cellulap@nse is observed at position 3, it would be
caused by cell-cell interaction within the netwoakher than stimulus diffusion. Thus, using
these MNFSs for studying neural network activitydmmemical stimulation is feasible. Fig.

5.8 (b) shows the diffusion from the stimulus wielthe neighboring wellsat 1 s, 5s and 10 s

after stimulus injection.

Table 5.3 summarizes the concentration profilgmaition 3 at different time points
after adding the stimulus for patterns with diffgrehannel lengths. The numbers in bold are
the concentrations at the time when calcium waegasir position 3. The concentrations were
too low to stimulate cell response. However, thecemtrations at position 3 in patterns with
channel length of 7@m were higher than that in patterns with a chatergth of 150um.
This indicates the effects of channel length onpound diffusion within microstructures.
For chemical depolarization of neural network in B, channel length should be long
enough to distinguish cellular response causeditnykis from that caused by cell-to-cell

communication.
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Fig. 5.8. Simulation of fluorescein diffusion in NHSs. (a): The micropatterns
had microwells of 50 um in diameter, with channalttvand length of 10 um
and 150 um respectively. The diffusion of 500 miybfiescein added through
a micropippet with a tip diameter of 6 um at pastioin the stimulus well was
simulated (inset). Plots show fluorescein concentiba profiles at positions 1,
2 and 3. (b): simulated fluorescein diffusion ie MiNFSs from the stimulus
well to the neighboring well at 1 s, 5 s and 1@&erdluorescein addition.
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When adding stimulus with tips of different openangas, concentration profiles at
position 3 were also studied (Table 5.1S and Tald8€ in supplementary materials). These
results show that the larger the opening, the hitfteeconcentration detected at position 3
when the calcium wave reaches the position. In Hpication, tip opening may not be
fabricated to as small asuén. For larger tip diameters, channel length cambeeased to

counteract the effects from wider openings.

Table 5.3. Fluorescein concentratigivl) at the opening of the neighboring microwell
(position 3 in Fig. 5.8(a)) after injection in te@mulus well (position 1 in Fig. 5.8(a)). 500
mM fluorescein was injected with a tip ofun in diameter. Two channel lengths (#t and
150um) were used in the simulation. For a calcium wanapagation, traveling at a speed of
43 um/s, it takes around 1.6 s to reach the neighbaviglg(position 3) for 7Qum channel

and around 3.5 s for 150n channel. The numbers in bold are the chemicatemmations at
the time a calcium wave reaches the position.

Channel

1s 1.6s 35s 5s 10s
length
L=70um 19.55 41.13 107.31 140.20 186.13
L =150um 0.01 0.15 2.11 4.93 17.76

Table 5.1S. Fluorescein concentratioM] at the opening of the neighboring microwell
(position 3 in Fig. 5.8(a)) after injection in te@mulus well (position 1 in Fig. 5.8(a)). 500
mM fluorescein was injected with tips of differehtmeters (D). The diameter of the
microwell was 5Qum, the channel width was 1@n and the channel length was 168. For

a calcium wave propagation, traveling at a speetBoin/s, it takes around 3.5 s to reach the
neighboring well (position 3). The numbers in bateé the chemical concentrations at the
time when a calcium wave reaches the position.

Tip diameter 1s 35s 5s 10s
D=6um 0.01 2.11 4.93 17.76

D =20um 0.01 16.36 47.89 200.94
D =50um 0.10 112.49 320.03 1266.31
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Table 5.2S. Fluorescein concentratiopM] at the opening of the neighboring microwell
(position 3 in Fig. 5.8(a)) after injection in teémulus well (position 1 in Fig. 5.8(a)). 500
mM fluorescein was injected with tips of differaiameters (D). The diameter of the
microwell was 5Qum, the channel width was 1@n and the channel length was . For a
calcium wave propagation, traveling at a speedqi/s, it takes around 1.6 s to reach the
neighboring well (position 3). The numbers in baté the chemical concentrations at the
time when a calcium wave reaches the position.

Tip diameter 1s 16 s 5s 10s
D=6um 0.01 41.13 140.20 186.13

D =20um 153.10 482.73 1675.94 2115.23
D =50um 1303.08 3354.42 10433.25 13098.89

5.5. Conclusion

This study constitutes the first step toward a Hile&form for 3-D patterned neural
network for application in drug screening as weslirmbasic research. The results support the

following conclusions.

1) Fabricated PLLA scaffolds have nano-fibrous strregithat mimic collagen

fibers in ECM and exhibit higher porosity, improvigrmal and mechanical properties than

PLLA scaffolds without nano-fibrous structures.

2) Laser micromachined patters in the nano-fibrous#films are compatible with stem
cell culture and integrate easily in high-densitgHvplates (e.g. 96-well plates) for HTS
application.

3) Mathematical simulation confirmed that it is po$sito study neural network

activity induced by chemical stimulation in thes®&lNW5s, and by controlling parameters in

MNFSs (such as channel), cellular responses doelltdo-cell communication can be

distinguished from those caused by chemical diffiuisi
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CHAPTER 6

ADMINISTRATION OF BDNF/GINSENOSIDES COMBINATION ENHANCED

SYNAPTIC DEVELOPMENT IN HUMAN NEURAL STEM CELLS

Keywords: Ginsenosides; Brain-derived neurotrophic factor; Human neural stem cells;

Synapse; Cell density.

"Wang L., Kisaalita W.S.. Administration of BDNF/ginsenosides combination enhanced
synaptic development in human neural stem cédigrnal of Neuroscience Methods (in
preparation)
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6.1. Abstract

Ginsenosides Rgl and Rbl1, major pharmacologicatlyaingredients from Ginseng,
the root of Panax ginseng C.A. Meyer (Araliacea&ye applied in the differentiation media
for human neural stem cells (hNSCs), together t#in-derived neurotrophic factor
(BDNF), a commonly used compound for neural stein(&SC) differentiation. Cell
locomotion and neurite extension were observednbg-tapse microscopy and analyzed by
ImageJ. The expression of synaptic formation waidicoed by immunostaining of
synaptophysin (SYN) or/and the co-localizationyriapsin | and microtubule associated
protein-2 (MAP-2). Effects of cell density on neludiferentiation were also examined.
Results have shown that administration of BDNF/gimosides (Rgl and Rb1) combination in
differentiation medium promoted cell survival, enbad neurite outgrowth and synaptic
marker expression during differentiation. High ahsity enhances synaptic marker
expression in BDNF/ginsenosides combination medianall, this study established a
condition for hANSCs synaptic development in eaiffedentiation, which is a crucial step in

applying this cell line in neural network-basedagss

6.2. Introduction

Neural stem cells (NSCs), which are derived fronbemnic stem cells (ESCs) are
partially differentiated, multipotent and can degeinto any type of neural cells (e.g.
neurons and astrocytas)vitro (Zhang, 2006). Also, NSCs are capable of prolifega thus
providing an unlimited cell source. In pharmacealtend biotechnology industries, human

NSCs (hNSCs) are being considered as a promisihgaece in preclinical studies (Irion et
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al., 2008). While in tissue engineering and regatnex medicine, these cells are actively
being investigated for neurodegenerative diseamaply (Ogawa et al., 2009). There is
interest in differentiating hNSCs to mature funatibneural networks for preclinical studies
of drugs against connectivity related targets (§-gethyl-D-aspartic acid receptors

(NMDARS)) (Meador-Woodruff et al., 2003; Wang and#alita, 2010).

NSC differentiation is regulated by various micreeonment cues, such as chemical
and physical properties of extracelluar matrixt{eiet al., 2008), and functional neural
network development from NSCs has been proven taibmenvironment dependent (llles
et al., 2009). Among these effective molecules #fiiect neuronal fate (Schaffer and Gage,
2004), brain-derived neurotrophic factor (BDNFaiseffective modulator of hNSC
differentiation and neuronal cell survival (PooP2} It plays an important role in the
survival of differentiated neural stem cells throube MAPK/ERK-dependent and
PI3K/Akt-dependent Bcl-2 up-regulation (Lim et &Q08). Also, it has been proven to
accelerate the maturation of the synaptic vesiaé&pm synapsin-1 at developing
neuromuscular junctions in cell cultures (Poo, 30Thus, BDNF has been often added in

neural stem cell differentiation media (Johnsoal £2007).

Ginseng, the root of Panax ginseng C.A. Meyer (Acaglae), has been extensively used
in traditional oriental medicine for over 2000 ygdn vivo andin vitro studies have shown
its beneficial effects in cardiovascular diseasascer and immune deficiency (Cheng et al.,
2005). A recent study has suggested that somenségg’s active ingredients also exert
beneficial effects on aging and neurodegeneraiseades (Radad et al., 2006). Ginsenosides

such as Rb1 (MW1109.29 Da) and Rgl (MW801.02 Da}tze major pharmacologically
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active ingredients of ginseng and their anti-agind anti-neurodegeneration effects have
been well proven (Cheng et al., 2005). Cell-basediss have shown that ginsenosides
promoted NSC proliferatiom vitro and enhanced cell survival (Shen and Zhang, 2004).
Mechanisms may involve decreasing NO content an& [dQivity, reducing intracellular
calcium concentration, by up-regulating Hes1 exgices enhancing superoxide dismutase
(SOD) activity and enhancing the ratio of Bcl-2Bax protein and inhibiting activation of
caspase-3 (Cheng et al., 2005; Zhuang et al., 2@083enosides Rgl and Rb1 also
promoted neurite outgrowth in PC12 cells (Rudakevetal., 2001), enhanced astrocyte
differentiation from NSCs (Shi et al., 2005), iresed neurotransmitter release (Xue et al.,
2006), and increased synapse number and the dehsyyaptophysin, which is the
morphological basis for explaining Rb1 and Rg1l oethfacilitation of learning and memory

(Mook-Jung et al. 2001).

In this study, we explored the effects of BDNF/ginssides (Rgl and Rb1) combination
on hNSC differentiation. Based on previous studieBDNF and ginsenosides for neural cell
survive and differentiation, it was expected tlat tombination could enhance synaptic
development in hNSC differentiation than BDNF ansggnosides, separately. We also
studied the effects of cell density on hNSC diffdigtion with respect to synaptic formation.
The goal was to establish a hNSC differentiatiomdition for neural network connectivity

development, reflected by synaptic formation.
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6.3. Materials and methods
6.3.1. Cell line and cell culture

hNSCs, purchased from Millipore (ENStenWA Billerica, MA), were derived from
WAO09 human ESCs using methods previously descii8auh et al., 2005). Cells were
maintained as previously described (Wang and Kisa@010). Briefly, cells were cultured
in 35 mm Petri dishes with 2 mL growth medium 8% CQ humidified atmosphere at 37
°C. ENStem-AM expansion media supplemented with penicillin/soeycin, L-glutamine
and basic fibroblast growth factor (bFGF) was u3éek medium was half changed every
other day. Cells were passaged by mechanicalljttpigevhen cells reached 90% to 100%
confluence and around 1.2:¥1¢ells were seeded into each new dish. For cdmifitiation,
expansion media was replaced with differentiatia@dim. Compared with expansion media,
bFGF was withdrawn in basic differentiation mediai et al., 2005). Ginsenosides Rgl (5
uM) and Rbl (5uM) (National Institute for the Control of Pharmateal and Biological
Products, Beijing, China) and BDNF (10 ng/ml, Inegen, Carlsbad, CA) were added in
basic differentiation media. The concentrationsendgcided based on previous studies (Shi
et al., 2005; Johnson et al., 2007). There wereddterentiation conditions: 1) basic
differentiation media; 2) ginsenosides Rg1uf#) and Rb1 (uM) in basic differentiation
media; 3) BDNF (10 ng/ml) in basic differentiatioredia; 4) combination of BDNF (10
ng/ml) and ginsenosides Rg1y®l) and Rb1 (5uM) in basic differentiation media. The
differentiation medium was half changed every otley. Phase contrast images were taken
at different time points (before differentiatione@k 2, week 3, and week 4 in differentiation)

for analysis (n = 3). According to our previousdséis on this cell line (data not shown), dead
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cells are bright and form clusters; while live selttach to the substrates and are darker. Thus,
live cells were distinguishable and were countéddént’s t-test was used for statistical

comparisons.

6.3.2. Cell locomotion observation by time-lapseoreing.

We used time-lapse video microscopy as previoussgdbed (Wang et al., 2010) to
study neural stem cell locomotion before differatiin and during differentiation. Briefly,
cells were differentiated with basic differentiatimedia or combined differentiation media
for 3 weeks, then cells were plated onto coverslips their locomotion was recorded for 10
hours. The WaferGen Smart Slide-100 system (Wafer6&emont, CA, USA) was used to
keep the cells in proper conditions while recordifigis small environmental chamber is
based on a 6-well dish. It uses heated glass totaiaitemperature even at the spot being
observed, and regulates €fw. Phase contrast images were taken every minsing
Leica DFC300 FX camera mounted on a Leica Z16 AP@igoscope. Image sequences
and trajectory plots were generated by ImageJ (NWénual analysis of cell locomotion
speed (average speed within the first 10 hours plaing) and neurite outgrowth (at the end
of 10 hours’ recording) was carried out accordimgiiethods published by Chen et al. (2009)
and Mitchell et al. (2007), respectively. Data ¢etl movement before and during

differentiation were compared.

6.3.3. Immunostaining for synaptic markers

We used 2 sets of staining to confirm the expressfesynaptic markers: staining for the

expression of synaptophysin (SYN) and the co-laagilbn of synapsin | and microtubule
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associated protein-2 (MAP-2). Protocols from Ar@iamedical Inc. (Athens, GA) were
followed. Briefly, cells were rinsed twice with pgghate-buffered saline (PBS), fixed with
2% paraformaldehye in PBS (15 min), permeablizetl @i5% Tween 20 (3 times, 5 minutes
each), blocked for 45 minutes in blocking buffehieh is comprised of 6% from the animal
that the second antibodies were produced in. @&le exposed to a mixture of rabbit
polyclonal anti-synapsin | (1:500) (Chemicon, TemlacCA) and monoclonal anti-MAP2
(1:500) (Sigma, St. Louis, MO), or samples weraibated with polyclonal rabbit
anti-human SYN (1:200) (DakoCytomation, Denmarkgmyght at 4 °C. After exposure to
primary antibodies, samples were washed with PB8r(ds, 5 minutes each), and incubated
for 1 hour at room temperature with blocking buffentaining a mixture of
rhodamine-conjugated goat anti-rabbit IgG (1:50@) Huorescein-conjugated donkey
anti-mouse 1gG (1:500) (Jackson Immunological ReseaVest Grove, PA), or
rhodamine-conjugated goat anti-rabbit IgG (1:5@@ckson ImmunoResearch Laboratories,
West Grove, PA). To capture fluorescence imagezld stained for SYN or synapsin |,
cells were scanned with the Green HeNe laser andeulting fluorescent signals were
captured through a 565 nm long-pass filter (BAXkawi, Melville, NY) by a photomultiplier
detector. While fluorescence images of cells sthfoe MAP-2 was viewed and captured
with a B-2E/C FITC filter block (Nikon, Melville, M, USA), which has an excitation
bandwidth of 465-495 nm and a filter pass ranggl&f - 555 nm. Fluorescence intensity was
measured with Simple PCI image software (Compix, I@canberry Township, PA).

Student’s t-test was used for statistical compasgso
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6.4. Results and discussions

6.4.1. Combination of ginsenosides with BDNF proasddiNSC survival during

differentiation.

Cells were kept in differentiation media for 4 weelind Figure 6.1 (a) - (d) presents
phase contrast images of hNSCs at week 4 in diffesteon under different conditions. Dead
cells, which were brighter than the live cells etiag on the substrates, were observed in all
these samples. There were more dead cells in gunges basic differentiation (a) or
ginsenosides-induced differentiation (b) than ioups under BDNF-induced differentiation
(c) or BDNF/ginsenosides combination-induced déferation (d). Normalized cell densities
are presented in Figure 6.1 (e). AdministratioBDNF or ginsenosides did not significantly
increase cell survival at week 4 in differentiativ¥vhile there were significantly more cells
surviving in groups under BDNF/ginsenosides comtiamainduced differentiation (P <
0.05). By examining hNSCs in combinational groupvaék 2, week 3 and week 4 in
differentiation (Figure 6.2 (a) - (d)), it is nad@ble that cells kept proliferation during the
first three weeks without significant increase @l density (P > 0.05). At week 3 and week 4
in differentiation, some dead cells were obserteayever, there was no significant decrease
in cell density during differentiation. As shownather studies (Saha et al., 2008), cell
numbers decrease during differentiation, indicatirag not all these cells could survive and
differentiate to neural cells. Our results indichtlieat BDNF and ginsenosides could work
synergically to maintain cell viability during défentiation. BDNF plays an important role in
the survival of differentiated neural stem cellotigh the MAPK/ERK-dependent and

PI3K/Akt-dependent Bcl-2 up-regulation (Lim et &Q08). And ginsenosides promoted
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neural stem cell proliferatioim vitro and enhanced cell survival (Shen and Zhang, 2004)
through mechanisms that may involve decreasing di@@enit and NOS activity, reducing
intracellular calcium concentration, up-regulatiigsl expression, enhancing superoxide
dismutase (SOD) activity, and enhancing the raitiBad-2 to Bax protein (Cheng et al., 2005;
Zhuang et al., 2009). In the following studies, tamation of BDNF and ginsenosides (Rgl

and Rgl) was applied in differentiation meida.
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Figure 6.1. (a-d): Phase contrast images of hN$@=ek 4 in differentiation in
basic differentiation media (a), basic media withsgnosides Rgl (pM) and Rb1l
(5 uM) (b), basic media with BDNF (10 ng/ml) (c), basiedia with combination
of BDNF (10 ng/ml) and ginsenosides Rglu{8) and Rb1 (uM) (d). Scale bar =
100 pm. (e): Cell densities were normalized byding with the density from the
basic differentiation media group. *: P < 0.05, gared to the group with basic
differentiation media; #: P < 0.05, compared todgheup with the combinational
differentiation media.
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Figure 6.2. Phase contrast images of neural stdmbedore differentiation (a),
during differentiation at week 2 (b), week 3 (a)daveek 4 (d). Differentiation
media contained BDNF (10 ng/ml) and ginsenosideks 8@M) and Rb1 (5
uM). Scale bar = 100 pm. (e): Cell densities wenemadized by dividing with
the density from the group before differentiati@ell densities did not change
significantly during differentiation (P > 0.05).

6.4.2. Combination of ginsenosides and BDNF prosiagurite outgrowth during

differentiation.

Time-lapse recording was used to study hNSC locmmdtefore and after differentiation.
To explore the effects of combinational differetiia media on hNSC differentiation with

respect to neurite outgrow, cells in basic difféigion media were used as a control for cells
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in combinational differentiation media,. Figure8 &nd 6.4 show image sequences and
trajectory plots, respectively, for hANSCs beforfedentiation and at week 3 in
differentiation. Before differentiation, cells maveandomly at a speed of 5.86 + 4.57 um/h
(Figure 6.4 (d)) and interacted with other celld &armed cellular clusters (Figure 6.3 (a)
and Figure 6.4 (a)). Cells moved at significantiywér speeds of 1.01 £ 0.53 pm/h and 0.83
0.31 um/h in basic and combination differentiatioedia, respectively. Our results
confirmed the active hNSC locomotion before diffégi@tion. hNSC migratioin vivo plays a
crucial role in the early phase of histogenesith@embryonic striatum (Hamasaki et al.,
2003). Recent studies have shown NSC migrationirarasion in 3D tumor cell aggregates
invitro (Heese et al., 2005). Cell-cell contact, as wekxstra-cellular matrix (ECM)
components and soluble proteins secreted into ensiconment by intermediate or final
target cells, underlies the mechanisms for ANSGnraation bothn vivo andin vitro
(Hamasaki et al., 2003; Heese et al., 2005). Irstuaty, active hNSC locomotion may be

driven by cell-cell contact to form connection wither cells.
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Figure 6.3. Image sequences of cell locomotionreediifferentiation (a) and at
week 3 in differentiation (b and c). Images showells on 2D flat surface after
plating at 0.5 h, 5 h and 10 h. (a): Cells weret keproliferation media. (b):
Cells were differentiated in basic differentiatimedia. (c): Cells were
differentiated in combinational differentiation ni@BDNF (10 ng/ml) and
ginsenosides Rgl (gV) and Rb1 (5:M)). Before differentiation, cells
interacted with other cells, moved and formed ¢atlalusters (a). In
differentiation, cell bodies moved in a confinedarand extended out neurites
to get connection with other cells (b and c¢). Stale= 50 um.
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Figure 6.4. Trajectory plots for nNSCs before difiation (a) and at week 3 in
differentiation (b and c). Cells were plated andaed for 10 hours. For each
group, 8 cells are presented. (a): Cells were ikeptoliferation media. (b): Cells
were differentiated in basic differentiation medi@: Cells were differentiated in
combinational differentiation media (BDNF (10 ng)rahd ginsenosides Rg1l (5
uM) and Rb1 (51:M)). (d): Cell body locomotion speed analysis. €&léfore
differentiation moved faster than cells in diffetiation (P < 0.05).

During the recording, differentiated cells extendedrites to get connected and form
neural network; differentiated cells also formetutar clusters, and neurite extensions were
observed outwards from cellular clusters (FiguBe(6) and (c), Figure 6.4 (b) and (c)).
Table 6.1 presents the quantitative analysis ofiteeautgrowth for cells in basic and
combinational differentiation media at week 3. Eherere more cells outgrowing neurites in
combinational differentiation media, and these itesiwere longer than those in basic

differentiation media (P < 0.05). Neurite growtlc@nsidered a very import event in
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neuronal development, synapse formation, and neegaheration. Pharmaceutical control of
neurite growth (e.g. by nerve growth factor) igga#at interest in clinical application

(Mitchell et al., 2007). Shetty and Turner (1998)\yed that BDNF could promote neurite
outgrowth of NSCs. Our results were consistent withvious studies on effects of
ginsenosides Rgl and Rb1 on neurite outgrowth ib2R@Ils (Rudakewich et al., 2001). In
the presence of nerve growth factor, Rgl and Rbiutte neurite outgrowth in PC12 cells
at day 8 in culture. Pathways or molecular mecmasithat regulate neurite outgrowth have
been explored. It has been found that balance dPMihase and STAT3 signal transduction
pathways regulated neurite growth in PC12 cellar@ret al., 1997), as well as protein kinase
A-dependent molecular switch in synapsins in emiig/Xenopus spinal neurons (Kao et al.,
2002). Based on these observations, it may be hgpizted that combinational differentiation
media could promote hNSC differentiation with retde synaptic formation. To further
confirm the neural network formation, we examinieel synaptic development of hNSCs in

differentiation.
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Table 6.1. Summary of quantitative analysis of itewoutgrowth in neural stem cells at week
3 in differentiation in different media

Average length
of longest
neurites from

Cells bearing | Cells bearing Average neurite
branches (% of| neurited (% of | length per cell

total cells total cells m
) ) (um) each field (um)
Basic
differentiation | 49.16+10.69 11.26+3.24 51.86+12.06 60.84+13.2
media

Combinational
differentiation | 64.12+10.94 | 31.48+13.6 63.69+18.59 89.37+16.26
media

!4 fields were selected from each group; total methber from basic differentiation group was 107
(25, 30, 29, 23); total cell number from combinagibdifferentiation group was 109 (25, 21, 27, 33).
“mean = standard deviatioimeurite is defined as at least three times lorgpaia body. P < 0.05,
compared to basic differentiation group

6.4.3. The maximum expression of hNSC synaptic Bra®' N occurred at week 2 in
ginsenosides/BDNF combination-induced differentiadi

Figure 6.5 (a) - (d) presents the fluorescence @nay cells stained for synaptophysin
(SYN) at week 4 in differentiation, and stainingsa@ositive for these four differentiation
conditions. At week 2, cells exhibited the stronng®¢N signal under combination condition
(Figure 6.5 (e)). In the combinational group, SY§hsl intensities did not change
significantly with time in differentiation (data hehown). Under other conditions, SYN
signal intensities increased at late differentiatime (week 4) and reached the same level as
that of cells under combination condition (Figurd @)). These results indicated that
combination of ginsenosides and BDNF could pronsgteaptic marker SYN expression at
an early time in differentiation. To further comfirthis expression of synaptic connection,

another set of immunostaining was used in thisystsiining for the co-localization of
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synapsin | and MAP-2. Almost all the cells wereipes for synaptic markers (MAP2,
synapsin and SYN) on week 2 and week 3 in difféaéioh (Figure 6.6). These results
were consistent with previous reports. For exanPIRNF has been proven to accelerate the
maturation of the synaptic vesicle protein synapsinhdeveloping neuromuscular junctions
in cell cultures (Poo, 2001). In other studiessgimsides were found to enhance astrocyte
differentiation from neural stem cells (Shi et @D05), increase neurotransmitter release
(Xue et al., 2006), and increase synapse numbethendensity of synaptophysin, which is
the hypothesized basis of Rb1- and Rgl-induceditimn of learning and memory

(Mook-Jung et al. 2001).
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Figure 6.5. (a-d): Confocal images of hNSCs at weekdifferentiation. Cells were
stained for SYN. Different molecules were addetiasic differentiation media: a)
basic differentiation media; b) ginsenosides RgjiN® and Rb1 (5uM); c) BDNF (10
ng/ml); d) BDNF (10 ng/ml) and ginsenosides RglLkh and Rbl1 (5uM). Scale bar :
100 um. (e): Normalized fluorescence intensity ¥Nstaining for hNSCs in
differentiation under different conditions. Badasic differentiation media;
Ginsenosides: ginsenosides Rglk®) and Rb1 (5uM); BDNF: brain-derived
neurotrophic factor (BDNF, 10 ng/ml); BDNF and gnssides: combination of BDNF
(10 ng/ml) and ginsenosides Rg1ufd) and Rb1 (5uM). Values were normalized by
dividing with the one under basic condition at eadek in differentiation. *: P < 0.05,
compared to the value of control group under besidition at each week in
differentiation. #: P < 0.05, compared to the valfithe combination group at each
week in differentiation.

(a) (b) (c)

before differentiation 2 weeks in differentiation 3 weeks in difErentiaion

3 Figure 6.6. Confocal
e Balp images of hNSCs

' : stained for MAP-2
2 (green) and synapsin
& (red) before
Ml differentiation (a), at
week 2 (b) and week
3(c)in
differntiation.
Differentiation
media contained
BDNF (10 ng/ml)
and ginsenosides
Rgl (5uM) and Rb1l
(5 uM). Scale bar =
100 pm.

MAP-2

Syhapsin

6.4.4. Cell density is a factor in BDNF/ginsenositeediated synaptic marker expression.

Cells were seeded at different densities (8xeis/cnt, 10x1d cells/cnt, 20x1d
cells/cnf) and were differentiated for 2 weeks by combimatizedia containing BDNF (10
ng/ml) and ginsenosides Rg1y®1) and Rb1 (5uM). Figure 6.7 (a) presents phase contrast

images of hNSCs after 2 weeks in differentiatioméaptic markers (MAP-2 and SYN) were
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stained and signal intensity was measured and caaggigure 6.7 (b) and (c)). Results
showed that when cell density was too low (<3xdélls/cnf), few cells survived in
differentiation; as cell density increased from ®xdells/cnt to 20x1d cells/cnf, both MAP
and SYN expression increased significantly (P €D.0Qther studies have shown that cell
plating density is an important factor in neurdfetentiation. The development of resting
membrane potentials in differentiating murine nélmstoma cells (NIE-115) was found be
seeding cell density-dependent; lower cell dergétyayed the resting membrane potential
development (Kisaalita and Bowen, 1997). Recemtistuon stem cell differentiation have
shown that seeding cell density is crucial in neatdaifferentiation. When cell density was
too low, cell viability was reduced; while densdtare resulted in increased non-neuronal
differentiation (Lorincz, 2006). In order to attdiigh percentage of dopamine neuron
population in mesencephalic precursor culturesuces needed to be seeded at high cell
density (Ko et al., 2005). Our results are conststgth previous studies, confirming the
seeding density effect on synaptic developmeniNS@ differentiation. Tsai and McKay
(2000) reported that cell density effect on cottgtam cell fate dermination depends on
cell-cell contact and membrane-bound signals. Gtheties have shown that cell
density-mediated neural differentiation of steniscelas related to signaling pathways such
as Rho kinases arfdCatenin signaling (Otero et al., 2004; Chang ¢t28110). However, the

mechanisms underlying cell density-related synaggnelopment are still unknown.
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Figure 6.7. Cell density effects on hNSC differatitin with respect to synaptic
markers MAP-2 and SYN expression. Cells were seatlddferent cell densities
(left: 6x10 cells/cnf, middle: 10x16 cells/cnf, right: 20x18 cells/cn?. Cells were
differentiated for 2 weeks by combination mediateoring BDNF (10 ng/ml) and
ginsenosides Rgl (BV) and Rb1 (5uM). (a): Phase contrast images of hNSCs. (b)
and (c): Normalized fluorescence intensity of cetlsned for MAP-2 (b) and SYN
(c). Fluorescence intensities were measured amdaimed by dividing with the
value of cells seeded with the lowest cell den@gid cells/cnf). *: P < 0.05,
compared to the value at the cell density of éxEls/cnt; #: P < 0.05, compared

to the value at the cell density of 10%t@lls/cn?.

6.5. Conclusion

In this study, we examined BDNF/ginsenosides (Rgd Rb1)-induced hNSC
differentiation with respect to cell survival, cdifnamic locomotion, neurite outgrowth and
synaptic development. Results have shown that astirdtion of BDNF/ginsenosides
combination promotes cell survival, enhances neaitgrowth, network formation and

synaptic development during differentiation. Alagg examined cell density effects on hNSC
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differentiation and results indicated that cell signshould be kept at certain level (such as
20x10' cells/cnf) to maximize synaptic formation. Taken togethieis study provided an
effective protocol for hNSC differentiation withrsgpse formation, which is critical in

neural-network based assay for drug discovery disawén neuroregenerative medicine.
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CHAPTER 7

CONCLUSION AND PERSPECTIVE

In this dissertation, we provided a three-dimensional (3D) cell-based platform for
high-throughput screening (HTS). This platform was comprised of neural stem cell
(NSC)-derived neural networks in interconnected microwell structures. We are interested in

apply this platform in schizophrenia drug screening.

We started with SU-8 microstructure fabrication. Through complete crosslinking and
surface modification, SU-8 microstructures were tailored to be biocompatible for cell culture.
SH-SY5Y human neuroblastoma cells were successfully integrated into SU-8 microwells and
voltage-gated calcium channel (VGCC) function of SH-SY5Y cells on two-dimensional (2D)
substrates and in microwells were evaluated. The responsiveness td kigpdkarization
for cells on quasi-3D scaffolds was significantly lower than that on 2D substrates. This result
shows that SU-8 microstructure did affect SH-SY5Y cell differentiation with respect to
VGCC function and also shows that high-aspect-ratio microstructure is not merely “folded”
2D structure. This is in agreement with previous 2D/3D comparative studies carried out in
polymer scaffolds, and supports the speculation that 2D cell functions may represent an

exaggeration of thoda vivo.
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Compared to human neuroblastoma cells, human Ingera cells (hNNSCs) provide a
more attractive cell source in drug discovery duadrmal cellular functionality and
multipotentiality. Our second step was to integfefSCs with SU-8 microstructures to form
controllable 3D neural network vitro. hNSCs have been successfully integrated and
patterned with SU-8 microwell structures and patdrneural network-like formation was
observed for differentiated neural stem cells witmicrostructures. Microstructure
architecture (e.g. presence of microchannel andowigll) can be applied to guide
interaction-driven activity of neural stem cellghin a 3D microenvironment. Cellular
morphology, cytoskeleton organization and restirgrane potential establishment of cells
within microstructures were statistically signifitly different from those of cells on flat 2D

surface.

Even though SU-8 has high optical transparencyexiedllent thermal stability, the
fabrication procedures limited its integration witlrrently used HTS systems (e.g. 96-well
plates) for neural network activity readout. Asadtiernative, similar microwell structures
were fabricated in nanofibrous poly-L-lactic adRL[A) film, which was compatible with
96-well plates. Fabricated PLLA scaffolds have nihmus structures that mimic collagen
fibers in extracellular matrix and exhibit higharpsity, improved thermal and mechanical
properties than PLLA scaffolds without nano-fibraigictures. Laser micromachined patters
in the nano-fibrous PLLA films are compatible witem cell culture and integrate easily in
high-density-well plates (e.g. 96-well plates) F6FS application. Mathematical simulation
confirmed that it is possible to study neural netnactivity induced by chemical stimulation

in these micropatterned nano-fibrous scaffolds (I8blf- and by controlling parameters in
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MNFSs (such as channel), cellular responses daelltdo-cell communication can be
distinguished from those caused by chemical diffiusPLLA scaffolds are opaque, which is
unfavorable for optical detection methods. Methlodge been reported to improve light

transmittance at the positions with microstructures

Based on these results, microwell structures cavige 3D microenvironments for cell
integration, offering the opportunity for enginegyiquasi-3D neural network connectivity.
The resultant microstructures can be integrated 96twell plates for HTS purpose. Neural
network formation has been observed within thegéonnected microwell structures. To
enhance neural network formation, we optimized hNi8ferentiation condition by
controlling differentiation media and cell densiye examined BDNF/ginsenosides (Rgl
and Rb1)-induced hNSC differentiation with resgeatell survival, cell dynamic locomotion,
neurite outgrowth and synaptic development. Re$at® shown that administration of
BDNF/ginsenosides combination promoted cell sullyisahanced neuite outgrowth,
network formation and synaptic development duririfgentiation. Also, we examined cell
density effects on hNSC differentiation and resulthcated that cell density should be kept
at certain level (such as 20X1¢ells/cnf) to maximize synaptic formation. Taken together,
we provided an effective protocol for hNSC diffeiation with synapse formation, which is
critical in neural-network based assay for drugak®ry as well as in neuroregenerative

medicine.

In the follow-up studies, we will first confirm oeal network activity in microwell
structures, reflected by both synaptic marker esgiod and dynamic calcium propagation

within neural network. Neural network activity with3D microwell structures will be
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compared with that on 2D surface. The differenceetwork activity between 2D and 3D
cultured neural networks is expected. Then, archite of microwell structures will be
changed to control 3D neural network activity. Mwell size, channel length and width will
be adjusted, and network activity will be evaluafBdrough this study, it is expected to
establish protocols for engineering 3D neural nétvaetivity through controlling

microstructure parameters.

With the development in schizophrenia genetic neseausceptible schizophrenia genes
have been discovered. Cellular disease modelshizaphrenia, induced from normal
hNSCs by transfection of these target genes, cdmdaght in our platform to create a 3D
neural network-based assay. As an alternativesoalice, induced pluripotent stem cells
(IPSCs), reprogrammed from human somatic cellsawitithe need of embryos or eggs, will
solve the technical and ethical problems met iivd&on of human embryonic SCs (hESCs).
Furthermore, iPSCs from patients can be patientiipand disease-specific. hANSCs derived
from iPSCs offer unique opportunity for neurodegatiee disease modeling and studying
the neural network activities in terms of calciuamntsients. Even though iPSCs derived from
some specific patients can not represent the wdrolep of people with schizophrenia,
development of cell lines of iPSCs from patientsugred according to genetic characteristics
or races will provide a powerful tool in drug sanew) assays. A 3D disease model with
iPSCs-derived neural networks is expected, andaheetwork activity in 3D disease model
is expected to be similar to thatvivo. Finally, drugs known to treat schizophrenia \w#l

used to validate the assay. Z-factor will be geteer#o test the robustness of this assay.
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APPENDIX 1

SU-8 MICROWELL STRUCTURE FABRICATION

Material(s): SU-8, SU-8 developer, MCC Primer 80/20 (20% HMDS and 80% PM Acetate).

All these were purchased from Microchem (Newton, MA).

25 mm coverslips (Fisher Scientific, Pittsburgh, PA)

Equipment(s): vacuum pump (Gardner Denver Thomas Inc., Welch Vacuum Technology,
Niles, IL), spin coater (Specialty Coating System Inc., Indianapolis, IN), Karl
Suss MJB 3 HP Mask Aligner, designed masks manufactured by Advance

Reproductions Corporation

Procedure(s):

1) Clean coverslips with 20% sulfuric acid (soaking at room temperature for at least 24 h), water,
DI water, and then dried (baking at 1<Dfor at least 3 h).

2) Before entering the cleaning room, turn on the vacuum pump, 30-40 cm Hg is O.K.

3) Turn on the baker, and set the temperature to 95°C.

4) Cover the spin coater with aluminum foil paper, clean the vacuum nozzle, chuck, baker
surface, and the bench surface with acetone.

5) Turn on the spin coater via pressing the Power button, check the parameters, and adjust them

if necessary (parameters as listed at the end of this protocol).
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6) Take out small bottle of SU-8 from the cabinet.

7) Place one coverslip on the chuck stage, transtemar 1 mL SU-8 by glass pipette onto
coverslip, and run the spin coating by pressingStaet buttoh In some cases, HMDS was
spun coated onto the coverslip before put SU-&a@nhance the adhesion.

8) Place the coated coverslips onto the baker. Baiamg can be long, but the temperature
should not exceed 110 °C.

9) Before running exposure process, turn on the retmd@O0psig).

10) Turn on the Power of UV lamp.

11) When it reads “rdy” (short form of “ready”), igeithe lamp via pressing the Start button;
this may take about 3-5 minutes. A number readégaurds the lamp power will appear in
the panel after a successful ignition. Repeat iflifLytill reads “rdy”.

12) Turn on the Power of mask aligner.

13) Turn on the power of the microscope manipulator.

14) Load the mask by press the “Vacuum Mask” buttofixtthe mask.

15) Set the desired exposure tfmBarameters need modification according to film

thickness to achieve completely crosslinked film.

16) Load the sample and contact the sample with mask.

17) Expose the sample by pressing the Start button.
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'Parameters for spin coating

RPM1: 500

RAMP1: 0005

TIME1: 0001

RPM2: 1000

RAMP2: 0005

TIME2: 0015

RPM3: 1000

RAMP3: 0005

TIMES: 0015

RAMP4: 0015

S: 0000

N: 0000

Coating: 0000

Parameters could be varied to achieve differemt filickness. For more information, refer to

product information onlinéhttp://www.microchem.com/products/su_eight.htm
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*Parameters for developing and baking
Bake --------mmmmmmmeee 65 °C for 3 min, 95 °C f® min
Exposure ---------=------ 15 sec for 4 times, witl & interval
Post exposure bake ----65 °C for 3 min, then 950t® min

Development ----------- 7 min in SU-8 develop, themsed with isopropyl alcohol (IPA)

and dried with pressurized nitrgen
Bake ------------ememneee 95 °C for 9 min
Exposure ---------------- 15 sec for 4 times, witQ 8 interval without mask
Post exposure bake ----95 °C for 7 min

Hard bake --------------- 150 °C for 20 min

Notice

1) During development, shake the beaker frequenttiigsolve uncrosslinked SU-8
completely.

2) Avoid SU-8 attaching to the mask.

3) Clean the mask with acetone and dry it with nitroge

4) Before applying SU-8 microstructures for neurahstell culture, treat the surface

with oxygen plasma etching (15-20 min).
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APPENDIX 2

MICROPATTERNED NANO-FIBROUS PLLA SCAFFOLD FABRICATION

Material(s):

tetrahydrofuran (THF), poly-L-lactic acid (PLLA) (Sigma, St. Louis, MO)

Procedures:

1)

2)

3)

4)

5)

6)

7

Measure 0.2 g PLLA and add it to glass conical beaker, put one stirrer bar into the
flask.

Add 4 mL THF into the flask and seal the flask.

Put the flask into a beaker with water, put the beaker onto a stir plate, and keep the
water temperature around 55 °C.

It usually takes around half an hour for PLLA to completely dissolve in THF.
Quickly cast the solvent into a glass Petri dish (8 cm in diameter), cover the dish and
transfer it to -80 °C freezer for ultra-freezing. It usually takes 2 hours or more to be
gelled.

Immerse the gelled PLLA/THF solution into cold double distilled water (4 °C) for 2
days to leach out the solvent (THF). Change the water three times every day and
air-dry the resultant PLLA scaffolds.

Micropatterns within nano-fibrous PLLA scaffolds are micromachiméth an
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excimer laser-based laser micromachining systeroi&es RapidX250 (Resonetics,
USA). The excimer laser model coupled to this syste ATLEX-500-SI (ArF, 193
nm wavelength).

8) The direct write approach is used as micromachimoge. Using appropriate mask
sizes, channels (10-20n wide) and wells (up to 10@m in diameter) can be

fabricated into the nano-fibrous structure.

3See APPENDIX 3 for micromachining details.
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APPENDIX 3

LASER MICROMACHINING

Laser Micromachining is defined as a fabrication technique to drill, skive, strip, mill,
cut plastics, ceramics, glass and thin metals with dimensions and tolerances approaching 1
micron (0.00004"). Laser micromachining is performed by two different methods: mask
projection and direct-write. This technique could be applied to the following areas: 1)
medical device components and assembly manufacturing; 2) semiconductor OEM
components manufacturing; 3) flexible circuits manufacturing; 4) industrial components
manufacturing. For more information, refer to the company website:

http://www.resonetics.com/pages/
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A brief operation manual

Turn on the power

Turn on the system and monitor
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Open the compressed air

Load sample and insert the mask
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After 10 min, turn on the trigger, run experiment

When shutting down the equipment: 1) turn off thenputer and monitor; 2) close the

compressed air; 3) turn off the laser; 4) turntoéf power.

For details, please refer to the files attachetthiécequipment.
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A potential trouble shoot description (if you hadkiat experience already)

A. There is a manual book with the equipment. Aleattached files help.

B. The energy level reading from the software isthe actual value working onto the
sample. However, when the reading drops to aroumd,3t needs refilling. (since the

maintenance last time, the reading is around 3ved after refilling the gas.)

C. Refilling

Go to “Gashandling”
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Fill the tube with gas

Click “Auto Gas Vacuum”, meanwhile open the pump.tBrough this process

three times.

Close the vacuum pump and open the cylinder va&liek the “Auto Gas

Change”. When the filling process is over, closedilinder valve.

1) When doing the vacuuming process, maketbhareylinder is closed.

2) After refilling, close the cylinder valve.
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APPENDIX 4

COATING FOR NEURAL STEM CELL CULTURE

We recommend using poly-ornithine and laminin coated plates to culture neural

progenitor cells. Poly-ornithine and laminin coated plates provide the optional foundation for

adhesion and growth. The preparation should be carried on in the hood to keep them sterile.

The concentration of the stocking solution for poly-ornithine is 210mg/mL.

Preparation of 35mm Poly-Ornithine and Laminin Coated Plates

1)

2)

3)
4)
5)

6)

7

8)

Dilute poly-ornithine to 20 ug/mL concentration in sterile distilled de-ionized (ddi)
water.

Dispense 20 pg/mL poly-ornithine to completely cover the bottom of the dish
(about 2 mL/35mm, 5 mL/100mm).

Incubate in a humidified 37 °C incubation for at least 1 hour.

Remove the poly-ornithine solution and rinse once with sterile ddi water.

Dilute the lamine to 5 pg/mL concentration in sterile ddi water.

Dispense 5 pg/mL laminin to completely cover the bottom of the dish (about
1mL/35mm).

Incubate in a humidified 37 °C incubator for at least 1 hour.

Store at 2 °C to 8 °C for up to 3 weeks.
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For more information, please refer to manual formmma Biomedical Inc.:

http://arunabiomedical.com/Resources.htm
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APPENDIX 5

MEDIA PREPARATION FOR NEURAL STEM CELL CULTURE AND

DIFFERENTIATION

Prepare 50 mL growth media in a 50 mL centrifuge tube:

1) Add Penicillin/Streptomycin 0.5 mL.

2) Add L-Glutamine 0.5 mL.

3) Add B27 1.0 mL.

4) Add LIF 50 pL.

5) Add bFGF 20 pL.

6) Add neurobasal media, QS to 50 mL.

7) Filter with a 0.2 um filter unit and store at 2 °C to 8 °C for no more that 2 weeks post

preparation.

The bFGF stock solution is prepared at 50 pg/mL in Neural Basal Media supplement with

1% BSA.
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Prepare 50 mL differentiation media:

1) Add Penicillin/Streptomycin 0.5 mL.

2) Add L-Glutamine 0.5 mL.

3) Add B27 1.0 mL.

4) Add LIF 50 pL.

Add neurobasal media, QS to 50 mL. Note: other aamgs for neural stem cell

differentiation could also be added.

5) Filter with a 0.2 um filter unit and store at 2 &8 °C for no more that 2 weeks post
preparation.

6) Differentiation media needs to be half changed\euoéter day.

For more information, please refer to manual formma Biomedical Inc.:

http://arunabiomedical.com/Resources.htm
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1)

2)

3)

4)

5)

6)

APPENDIX 6

THAWING NEURAL STEM CELLS

All materials should be ready prior to thawing. Turn on water bath to 37 °C and
retrieve a small bucket of crushed ice. Open and turn on hood. Locate the proper
media of the needed volume for cell culture in centrifuge tubes and wrap them with
foil and then place them in hood. Also place one 15 mL conical centrifuge tube, one
35 mm coated plate, one 10 mL disposable pipette and one 5 mL disposable pipette.
Once the water bath has come to temperature, take vial to the water bath and thaw the
cells rapidly by hand rotating the vial. Note: thaw rapidly and completely for

maximum cell viability. Take no more than 2 minutes and leave a small piece of ice in
the vial before take it out of the water bath.

Spray vial with 70% ethanol (especially around the cap), and dry before placing in the
hood.

Under hood, open the vial, remove the contents with a Pasteur pipette and place into
the conical centrifuge tube.

Swirling slowly, drop-wise add 10 mL basal media. Note: adding media all at once
may result in osmotic shock.

Centrifuge at room temperature at 1000 rpm for 4 minutes.
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7) Carefully aspirate as much of the supernatant asilple. Note: steps 4-6 are very
important in the removal of residual DMSO.

8) Add 2 mL growth media to the remaining pellet. tse Pasteur pipette to thoroughly
mix the media and pellet together.

9) Plate the cell suspension at a density of 1 viaBpemm poly-ornithine and laminin
coated plate.

10)Incubate the cell at 37 °C in a 5% g£lumidified incubator.

11)After the cells have incubated for 24 hours, ttengh media in the plate should be
aspirated off and replaced with fresh media.

12)Check the cells every day and decide what to do thi¢ cells.

For more information, please refer to manual formarfa Biomedical Inc.:

http://arunabiomedical.com/Resources.htm
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APPENDIX 7

MEDIA CHANGE FOR NEURAL STEM CELLS

Check the cells every morning. Usually we change the media every other day. But if you see

a lot of dead cells or any change in media color, change the media right away.

1) Place the growth media of the needed volume in a centrifuge tube. Then wrap the tube
with foil and put it into the hood. No need to warm the media, the room temperature is
O.K.

2) Aspirate the media from the plate. Note: leave a little media in the plate to keep the
cells wet).

3) Add 1.5-2 mL growth media into the plate. Note: be careful and do not dislodge the
cells.

4) Put the cells back to the incubator as soon as possible.

171



APPENDIX 8

SUBCULTURE OF NEURAL STEM CELLS

Check the cells every morning. If the plate is 90%-100% confluent, the cells are ready to
passage. We recommend passaging the cells by 1:2 or 1:3. The following steps are for

passaging the cells by 1:2.

1) Place the growth media of the needed volume in a centrifuge tube. Then wrap the tube
with foil and put it into the hood. No need to warm the media, the room temperature is
O.K.

2) When the media reaches the room temperature, place the plates of the needed quantity
into the hood. Also put the cells into the hood.

3) Label the new plates. (For example: NPH945P3 03/15/06 LN or L9/P19 03/15/06
LN).

4) Aspirate the laminin from the plates. And aspirate the media from the cell plate.

5) Add 2 mL growth media into the cell plates. Meanwhile, add 1 mL growth media to
the other 2 plates.

6) Manually detach the cells from the plates. We recommend using a 200 pL manual
pipetteman (160/200) to triturate the cells with pipette up and down. Cells should be

triturated into an almost single cell suspension. Plates can be preserved to ensure that
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all the cells have been removed. This can be aedliby frequent observation under
microscope.

7) Add 1 mL cell suspension media from the cell ptaténhe other 2 plates.

8) Check the cells under microscope and place thewrtla incubator as soon as

possible.
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APPENDIX 9

FREEZING NEURAL STEM CELLS

Firstly prepare 10 mL 20% DMSO freezing media:

1) Add 2 mL DMSO.
2) Add 8 mL basal media.

Notes:

1) The freezing media should be wrapped with foil to avoid light and stored at low
temperature. When using it, keep it in ice to keep it cold
2) When freezing the cells, use 10% DMSO

Freezing the cells:

The cells of one plate can be frozen into two vials

1) Prepare the freezing media (20%) before freezing the cells.

2) Place growth media of the needed volume in centrifuge tubes. Then wrap the tubes
with foil and put them into the hood. No need to warm the media, the room
temperature is O.K.

3) When the media reaches the room temperature, put the cells into the hood.

4) Aspirate the media from the cell plate.

5) Add 2 mL growth media in to the cell plates.
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6) Manually detach the cells from the plates. We reoemd using a 200 pL manual
pipetteman (160/200) to triturate the cells withgtte up and down. Cells should be
triturated into an almost single cell suspensidatg? can be observed to ensure that
all the cells have been removed. This can be aetliby frequent observation under
microscope.

7) Add 1 mL cell suspension media to each vial. Arehtbradually add another 1 mL
of freezing media into each vial.

8) Put the vial into the container which contains iibisopropy! alcohol (IPA) and put

the container into the -80 °C fridge.
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APPENDIX 10

IMMUNOSTAINING SOLUTION PREPARATION AND STAINING PROCEDURES

FOR NEURAL STEM CELLS

Prepare 1 liter high salt buffer:

1) Add sodium chloride 14.61 g.

2) Add 1M Tris (pH 7.4) 50 mL.

3) Add distilled water to 1 L.

4) Mix by inversion until completely in solution.

5) Store at room temperature for 2 months.

Note: high salt buffer could be replaced by PBS++ (PBS containing Ca++ and Mg++, pH

7.4) to avoid cell detachment.

Prepare 10 mL blocking solution:

1) Add high salt buffer 9.4 mL.
2) Add 600 pL 6% serum from the animal that your secondary anti-body is produced in.
3) Mix by inversion.

Note: make fresh blocking solution for each use.
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Prepare 50 mL wash buffer:

1) Add high salt buffer 50 mL.
2) Add Tween 20 25 puL.
3) Mix by inversion until completely in solution.

Note: make fresh buffer for each use.

Staining of Cells

1) All manipulations should be carried out with exteenare as cells may be dislodged
easily. We recommend adding and removing liquide/sl with a manual pipetteman
or transfer pipette. During the incubation, platas be placed on a shaker.

2) Wash wells 2 times in PBS containing Mg++ and CaNete: for all washes wells
should be completely filled with solution.

3) Wash with wash buffer 3 times for 5 minutes eanlthls step you are permeablizing
your cells, so the time is very important. Noteyai are using an antibody that is
labeling a protein that is in the membrane, use PB&ther than wash buffer.

4) Add enough blocking buffer to completely cover tiedls in each well. Incubate at
room temperature for 45 minutes.

5) Prepare intracellular marker (first antibody) imdking solution at the recommended
dilution.

6) Aspirate off blocking solution
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7) Add enough first antibody solution to completelywenthe cells in each well. Cover
and incubate for 1 hour at room temperature. Taisle extended to over night at 4
°C if necessary.

8) Wash wells 4 times in wash buffer for 5 minutesheac

9) Prepare second antibody in blocking solution abmamended dilution before the step
8.

10)Aspirate off last wash.

11)Add enough second antibody solution to completelyec the cells in each well.
Incubate for 1 hour at room temperature. Duringiibation, cover sample with foil to
prevent fluorescence bleaching.

12)Wash cells 3 times in PBS++.

13)Prepare DAPI solution at recommended dilution. Weommend VWR Cat. #
80051-386 at a 1:10,000 dilution in distilled wafEhis can be done before step 12.

14)Add DAPI solution to each well. Incubate for 5 ntiesiat room temperature. Cover
with foil during incubation.

15)Wash cells 3 times in PBS++.

16)Verify staining has taken place under UV microscbptore mounting.

17)Aspirate off PBS++.

18)Gently remove sides of chamber and aspirate extgssunding PBS++.

19)Place one drop of mounting media directly in cenfezach well area.

20)At an angle gently lower a cover slip onto theeslittying to avoid air bubbles where

possible.
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21)Remove excess mounting media from slide and cudaurk for 24 hours.
22)Seal with nail varnish on all four sides.

23)Keep in dark storage until results are observeddmedmented.

For more information, please refer to manual formmma Biomedical Inc.:

http://arunabiomedical.com/Resources.htm
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