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Abstract

Background: The regenerative capacity of the adult mammalian central nervous system is limited,
while neuronal responses to injury, including axonal and synaptic plasticity are highly complex and
evolve in a spatiotemporal manner. In animal models, the study of regeneration is costly ethically
and materially. On the other hand, the study of regeneration in vitro is challenging due to poor long-
term survival and lack of physiological complexity. Microfluidic platforms allow for highly controlled
in vitro environments, and partial recapitulation of elemental characteristics of in vivo architecture.

The development of such a platform is detailed herein.

Aim: To develop protocols enabling survival, establishment of modular neural networks and analysis

of long-term neuronal co-culture on a microfluidic platform.

Results: A series of optimised protocols pertaining to cell loading, fluorescence staining, feeding, and
contamination prevention were developed. In particular, cell loading and On-Chip fluorescence

required substantial effort. Successful survival of neural culture up to 32 days was achieved.

Discussion: The key factors for longevity were found to pertain to initial seeding density, with ionic
balance and contamination playing lesser roles than initially suspected. Furthermore, the issues of
staining and cell loading protocols are examined, and improvements are detailed. Additionally, future
uses and recommendations for long-term culture are given, and improvements to the
microenvironment are laid out. In particular, the benefits of microelectrode integration are

elaborated.

Conclusion: These protocols allow for long-term survival of neurons in culture, and enable study of
neuropathologies and regeneration with minimal material cost compared to animal experimentation

and conventional culture.
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1. Introduction

Damage to the adult mammalian central nervous system (CNS) can be devastating no matter if its
cause is pathological or traumatic. Functional impairment is frequently a consequence of CNS damage,
as the delicate circuits underlying behaviour unravel in the face of trauma or pathology (Siddique and
Thakor 2014). Neuronal regeneration is thus a necessity to those injured if they are to regain any

function lost.

Although neurons are not entirely lacking in intrinsic regenerative capabilities, the post-injury CNS
microenvironment actively opposes their ability to heal. Primarily, the reestablishment of axonal
connectivity is inhibited, as barriers to growth form at the injury site and establish a hostile
microenvironment. These barriers are known as glial scars (Cregg et al. 2014). Furthermore, the
upregulation of a host of growth inhibitory factors post-injury further inhibits axonal outgrowth and

reestablishment of synaptic contacts with distal targets (Sandvig et al. 2004).

To study this regeneration, many turn to animals to mimic human injury, illness, and potential
treatment. But such in vivo study is a burden ethically and may not translate accurately to human
physiology. The animal sacrifice required, and the immense complexities of the models, provide strong
incentive to reduce this animal use to a minimum. Unfortunately, the recreation of elaborate
physiological processes in vitro is not a simple matter. Regeneration is a long-term affair, but the in
vitro environment, due to its very simplicity is not accommodating to long-term assays involving live

neuronal culture.

1.1. Long term in vitro culture

1.1.1. Issues of neuro specific long-term survival

To culture neurons, a neuroscientist today can draw upon a multitude of choices, the origin of tissue,
size and density of the population, pattern of growth and a myriad of media. Combined, these factors
can drastically vary both the nature and the lifespan of the culture (Potter and DeMarse 2001; Yang et
al. 2010; Jeong Won Park et al. 2006). Furthermore, the increased understanding of neuronal
development and steady improvement of protocol now allows neurons in culture to live for months
(Potter and DeMarse 2001). Yet, the majority of current cultures are brief and 2D. Due to ease,
conventional neuronal culture takes place in a dissociated monolayer rather than a more realistic 3D
architecture. While this removes the in vivo character of the culture, it significantly reduces the
complexity of experimentation and analysis, providing easy access to the cells for manipulation and
high-resolution microscopy. This brief simplified architecture need not be the norm, but long-term

survival in culture is challenging. The most significant factor of neuronal longevity is the lack of
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proliferation and self-renewal. Once seeded, the population size of a neuronal culture will decline over

time. Long-term neuronal survival is therefore a question of stability and prevention.
The stability of long-term culture rests on three main factors:

= Jonic balance (microenvironment control)
= Lack of contamination

= Cell density

1.1.2. lonic balance

Neurons are fragile cells, with demands for energy, environmental stability and protection exceeding
nearly all other cells in the body. Moreover, their uniqueness, i.e. signalling, makes them even more
susceptible to external perturbations. Their signalling, maintained by delicate ionic balances, can easily
lead to their demise if misbalanced (Viviani et al. 2014). Too high an ionic concentration and the neuron
succumbs to its own excitement (excitotoxicity), too low and it finds the same fate through idleness.
Thus, the delicate nature of their membrane resistance gives rise to both their key function and key

weakness. Moreover, as in vivo, this frailty holds true in vitro (Potter and DeMarse 2001).

The ionic balance is crucial to cell culture, but neurons face a two-fold issue as not only osmotic
pressure, but also signalling demands ionic balance. Without either, neurons quickly face death.
Balanced salt solutions are a central part in all cell culture media, but as the media gets
depleted/evaporates over time this balance becomes skewed towards salinity. Given enough
evaporation the nourishing media turns hyperosmotic, fatally tipping the scales against neuronal

signalling and hyperosmolarity. Prevention of evaporation is thus a simple path to longevity in culture.

1.1.3. Cell density

Impaired signalling does not only stem from lack of ions, but also lack of connections within a network.
The result is the same however, as neurons starved for input are likely to die. This dependency on
electrical stimulation shows with the longevity of the neuronal culture increasing on a near linear rate
with the robustness of the network signalling. A common method to increase the longevity of the
neuronal culture is thus to increase the density and number of neurons seeded (Yang et al. 2010). This
increase in population size not only increases the length of time a viable culture is available for
experiments, but also the longevity of each individual neuron (Shein-ldelson, Ben-Jacob, and Hanein
2011). Cell density also brings with it increases in trophic support between neurons, with nerve growth

factor (NGF) and brain derived neurotrophic factor (BDNF) significantly reducing the death of neurons
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early in culture (Delivopoulos and Murray 2011; Mika et al. 2015). The preservation of such factors is
reflected in the feeding protocols, where only half the media is replaced per feeding (Yang et al. 2010).
The build-up of trophic support is therefore preserved despite renewal of the culture media. Such
feeding protocols also reduce the shock of changing osmotic levels inherent in complete media
replacements. The increase in population size is the currently most reliable method to increase the
longevity of the culture through both trophic and stimulation support. However, with a population

increase, and more complex network, analysis becomes more problematic.

1.1.4. Contamination

Contamination followed by infection has long been an issue in experimental cell biology, and is in no
way a problem unique to neurons. Infections by bacteria and mycoplasma, as well as mould and
fungus, are hard to combat in any culture, and once active can quickly decimate a culture environment
(Shimizu, Abt, and Meucci 2011; Potter and DeMarse 2001). As such, the best defence against
contamination is prevention through sterility. Protocol improvement is the best way to ensure sterility,
as the environments which cells favour, undoubtedly favour the contaminants as well. Infections can
stem from any environment the culture contacts, be it incubator, safety hood or microscope. Isolating
the culture and media from any direct contact with open air, fluids and surfaces closes most pathways
to infection. In addition to vigilance, some reprieve is found in adding antibiotics and antimycoplasmic
agents to the culture media used. Nevertheless, due to the repeated feedings and manipulations

required for long-term cultures, contamination is always a potential risk.

1.1.5. Glial and neuronal co-cultures

The lack of self-renewal in neurons necessitates the addition of other cell types if the population is to
maintain its cell density long term. In vivo, this is undertaken by glial cells, and in certain sub-regions
by neural stem cells. Glial cells, specifically macroglia, are capable of self-renewal throughout the
lifespan of the brain (Anderson, Ao, and Sofroniew 2014; Kriegstein and Gotz 2003). Astrocytes, the
most prominent of the macroglia, provide trophic, structural, metabolic and signalling support to
surrounding neurons. This support is vital to prevent ionic misbalance, signal impairment and waste
build-up in the neurons local environment. The most effective way to replicate this in culture is through
co-culture, with neurons cultured on top of a glial feeder layer (Geissler and Faissner 2012; Gotz et al.
2015; J. Park et al. 2012). As the glial culture is able to maintain its population as well as provide support

for neurons, the health of the culture increases drastically. Prior to the advent of modern media and
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culture practises, such co-culture was the most common manner in which to produce viable neurons

in vitro.

Similar to in vivo, astrocytes also form a proficient supporting cell type in vitro (Wanner et al. 2008).
The astrocytes in culture proliferate and mature to form a simplified form of the supporting network
seen in vivo, with the cells acting as a buffer for ionic misbalances and metabolic waste build up.
Secondly, the astrocytic effect on signalling in the network is seen through improved stability and rapid

maturity of the network.

To summate, astrocytic feeder layers provide a buffer for the ionic balance within a culture,
continuously increase its cell density, and improve the intercellular signalling of the neuronal network.
In combination, all these factors vastly increase the longevity of neurons in culture, in some cases

taking it from mere weeks to several months.

1.1.6. Mimicking in vivo architecture

Co-culture not only allows for long-term culture, but also enables the reproduction of complex in vivo
networks. Given sufficient complexity of the cellular composition, the culture may begin to
approximate the in vivo 3D environment as an organotypic culture (Daviaud et al. 2013; Geuna et al.
2015). Such organotypic culture is similar to conventional brain slice culture, where entire cortical
structures are explanted and cultured as slices in vitro. The main distinction lies in the bottom up
approach of organotypic culture, replicating the cortical structure through recapturing the cortical
development in vitro. Successful organotypic culture allows for a greatly improved approximation of

in vivo networks and far more accurate experimental data than conventional in vitro culture.

A balance must be found however, between the opportunities of in vivo modelling and the level of
confounding factors arising from it. While glial co-culture greatly increases the longevity of neuronal
culture, it similarly adds to the complexity of analysis (Liu et al. 2015; Geissler and Faissner 2012). Cell
types respond differently to stimuli, which in turn increase the interaction between them when in
culture. The simple addition of a single cell type greatly adds to the complexity of the extracellular
milieu, as interlocking signalling factors act in unseen concert. Additionally, the creation of organotypic
culture often utilizes 3D environments, which subvert most types of conventional analytic methods
demanding transparency to provide accurate focus (Rocha et al. 2015; Kunze et al. 2011; Verhulsel et
al. 2014). The balance therefore rests on creating a culture environment allowing long-term culture
without compromising the potential for accurate analysis. One way to produce such a highly controlled

environment while still allowing for advanced co-culturing is through microfluidic devices.
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1.2.Microfluidic culture

Reducing the total size of both the culture and the culture environment allows for accurate
compartmentalization and manipulation of the culture environment while retaining the resolution
required for analysis (Taylor and Jeon 2011). Conventional plate culture typically relies on single
compartmental culture consisting of 10%-10° cells. With such a uniform culture environment, any
diffusible reagent or factor affects the culture systemically. This uniform treatment betrays the
localized nature of the neural in vivo environment, especially poignant with regard to the gradients of
trophic factors throughout the extracellular matrix (Mai et al. 2009). In order to replicate the variability
of the in vivo environment while retaining the spatial and temporal control of the cells granted in vitro,
more advanced culture platforms are needed than simple dish systems. Microfluidic platforms consist
of culture environments reduced to only a few millimetres in size consisting of chambers and channels
with sizes of only micrometres or less with equally small volumes of fluid (Sackmann, Fulton, and Beebe
2014). At such scales, the microenvironments offer control of single cells and even sub-cellular
components, through the topography and fluid manipulation of the system (Bugnicourt et al. 2014;
Millet et al. 2010). Combined with micro electromechanical sensors (MEMS) complex, live analysis can
be made of the culture throughout the platform (Krause et al. 2006). When combined, in such a

manner with MEMS, the microfluidic system is termed a Lab-on-a-Chip (LoC).

{ Axonal side

g

20mm .

Somal side

43 mm

i -' |
100 pm 3um

Figure 1: Neuronal microfluidic platform, pioneered by Taylor et al. (2005).

Note the large circular wells used for fluid manipulation, and the central culture area with connecting axon growth
channels. The height of the axon growth channels, 3 um, seen in the left bottom corner, is miniscule to exclude any
soma from entering. Highlighted in the right image is axonal extension (red) through the axon growth channels (Taylor

et al. 2005; Jae Woo Park et al. 2013).
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The production of these microenvironments is most often performed using soft-lithography. Soft
lithography utilizes the accuracy of photolithography to etch a microscale pattern onto a master, which
is then be used to cast multiple replications of the pattern negative in a soft elastomer polymer. The
preferred polymer for use in biology is polydimethylsiloxane (PDMS) which offers biocompatibility and
gas permeability, with low cost and the transparency needed for high-resolution microscopy (Jae Woo
Park et al. 2013). As the pattern is formed at the interface between the polymer and the substrate,
most commonly glass, the structures formed are largely 2D. However, since the height of individual
structures can be varied it is possible to produce chambers for multi-layered co-culture along with

channels too narrow to permit cell migration (See figure 1).

1.2.1. Topography and compartmentalization

Not only cellular isolation, but also the behaviour of cells can be altered through the design of
topography and structural elements (Delivopoulos and Murray 2011). Akin to the ECM in vivo, the
topography effects migration, cellular adhesion, signalling and differentiation of neurons, something
that must be considered during experimental design and comparisons (Bugnicourt et al. 2014; Tan et
al. 2015; Moe et al. 2012). Topography permits production of networks with resolution down to single

neurons and neurites. A major segment of this is structural compartmentalization.

Compartmentalization is the confinement of cells and cellular segments to distinct areas of the
structure, for example, two cell types confined to separate growth chambers, with axon specific
growth channels connecting them. The initial designs for neural microfluidic environments by Taylor
et al. (2005) set this standard for such compartmentalization. The separation of neurons and neurites
remains one of the main applications of compartmentalized microfluidics, due to the possibility of

differential analysis of
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Figure 2: Network topographies common in in vitro culture.
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Fricke et al. 2011; Marconi et al. 2012). Compartmentalization also enables culture of multiple
subtypes of cells by isolated except through axonal channels. Similar to co-culture, network
interactions and connections formed by such cultures can mirror inter or intranuclei networks in vivo
(See figure 2). Multiple cell types can also be loaded to the same chamber to examine the interactions
of multiple co-cultures. In addition to topography, the interaction of cellular compartments can be
controlled by creating one directional fluid flow or axonal growth to produce flow of processing akin
to cortical hierarchies (Pan et al. 2011; Isomura et al. 2015). Similarly, the exposure of each

compartment to differing cytokines is enabled through fluid control and good structural design.

1.2.2. Micro level fluids

With microliter volumes, fluid behaviour changes drastically compared to the macro level due to the
changing strength of the forces controlling it. At the macro level, gravity is often the leading actor, but
as the mass of the fluid decreases so too does the grip of gravity. What arises in its stead is capillary
forces, surface tension, and viscosity (Sackmann, Fulton, and Beebe 2014). Combined with a low
Reynolds number, a measure of viscosity versus inertial forces, laminar flow becomes the leading fluid
dynamic in the microfluidic environment. Laminar flow, as opposed to turbulent flow (See figure 3), is
highly ordered and predictable. Understanding the dynamics of laminar flow and the forces reigning
on the micro level is essential to the control of microfluidic environments.

Laminar versus turbulent flow , -
Capillary forces are prominent due to the narrow

Laminar flow Turbulent flow constrictions of the channels, causing fluid

Q /Y } movement along the length of the channel regardless

/yy\;\} of external pressure or gravity (Millet et al. 2010).
N

Figure 3: Laminar versus turbulent flow.

This counter intuitive action stems from the
interaction between the molecular polarity and
surface tension of the fluid, with the polarity of the
Laminar flow is an unusual property of microvolume material of the channels. The low volume and high

liquids, with highly ordered directional flow and nearl . .
q any f v surface area of the fluid and channels makes this a

no turbulence. This is contrasted with chaotic turbulent
significant force on the micro level. This capillary

flow, which is common to macrovolume liquids

(Sackmann, Fulton, and Beebe 2014). force makes passive control of fluids possible on the
LoC, forgoing pump and valve systems needed for

active fluid control. Also enhanced is the force of diffusion, the movement of fluids and particulates

from areas of high density to low. Finally, through maintaining uneven fluid volumes on differing areas

of the LoC, pressure creates steady directional flow used for addition and removal of reagents to

chambers or channels.
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Microfluidic platforms are wholly or partially closed systems with the cells enclosed and potential
sources of air contamination limited to the fluid inlets (Renault et al. 2015; Potter and DeMarse 2001).
This creates far smaller air interfaces than those of conventional dish culture. Contamination is thus a
more manageable through control of the fluid interfaces, though it still poses a significant risk. A
second hazard is the effect of rapid fluid flow on cells. Shear stress arises when cells adhered to the
substrate are caught at the boundary between the fluid and the substrate. Like to standing in a flowing
river, if the flow is rapid enough the shear stress will overcome the adhesion and sweep away the cell.
While this is unlikely to stem from capillary forces, large changes in diffusion may provide sufficient
flow to pose a hazard to LoC cultures. This poses a risk when attempting large changes in media or

reagents on the LoC.

In combination, compartmentalization and capillary channels produce the factors necessary for long-
term in vitro culture by providing high-density culture and fluid control capable of reducing osmolality.
Contamination and evaporation is reduced, but still poses a risk to longevity. Vitally, the low cell
numbers needed for high-density culture creates a culture platform where complex processes can be

modelled without greatly hampering analysis.

1.3.Potential of microfluidics in neuroscience

1.3.1. Basic network dynamics

Neural development is a long-term process, taking place across years in vivo. Similarly, the
development of stable and active neural networks in culture is a long-term process, with signalling
patterns requiring weeks before stabilizing (van Pelt et al. 2004; Marconi et al. 2012; Cadotte et al.
2008). In turn, the patterning and topography surrounding the cells influences the stability and
maturity of the network. Uniform pattering, though neatly ordered with equally spaced neurons, does
not provide the best model for long-term culture (Shein-ldelson, Ben-Jacob, and Hanein 2011). Such
spacing compromises two main features of the culture, the cell density and the stability of the network.
The reduction in density reduces the number of interconnections between neurons, thus requiring a
higher number of neurons to sustain spontaneous activity. In randomly patterned networks, density
increases and the number of neurons needed to form spontaneous firing is far lower than that of
regularly spaced networks. However, patterning can still be used to modify network dynamics by acting
on the axonal connections rather than the cell placement itself. The directions of the axonal
connections are influenced by the tapering and patterning of channels allowing unidirectional firing to
occur (Honegger et al. 2013; Pan et al. 2011). The connection between several uniform networks can

thus be utilized to produce more complex signalling activity than that of single networks.
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This modular architecture can be further harnessed to produce hierarchical networks akin to those
found in vivo. Reproducing this relationship of nuclei should be possible given sufficient
interconnections between the compartments and high self-supporting networks within the chambers.
For example, the motor pathways of the basal ganglia are mostly linear and consist of nuclei of singular
cell types. The hierarchical nature of the cortical layer should also be reproducible within such a

microenvironment.

1.3.2. Neuropathology modelling

With stable and interacting networks, the effect of neuropathologies both acute and degenerative is
possible to examine (Wanner et al. 2008; Gourov and Curran 2014; Gullo et al. 2014).
Neurodegenerative disease is invariably a long affair, developing slowly across timespans of months or
years. Similarly, the regeneration done by neurons is a process taking weeks or months to complete if
full regeneration is possible at all (Geuna et al. 2015; Cregg et al. 2014; Vishwakarma et al. 2014). Due
to the compartmentalized structure of microfluidic culture, localized injury can be induced on sub-
populations or specific cell components within the culture (Siddique and Thakor 2014). Inflammatory
factors, toxicological factors and nutrient imbalances can be selectively applied to replicate disease
processes found in vivo, and with long-term culture the degeneration or potential recovery of the
culture is open for analysis. A common model of such long-term in vitro degeneration and regeneration
is axotomy and subsequent regeneration of the axonal pathways. Li et al. (2012) induced axotomy
through exposure of the axonal compartment to acrylamide, a neurotoxin. The axonal degeneration
was compared to the neurotoxin’s effect on the somal chamber with axon exposure showing itself to
reduce the subsequent degeneration. Following the degeneration, Li et al. rescued the axonal
projections with monosialoganglioside pharmacological treatment and glial co-culture. Therefore,
compartmentalization allowed for comparison of neurotoxicity on distinct cellular segments, as well

as seeing the effect of co-culture interactions, all in the same microenvironment.
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1.3.3. Aim and objectives

In the following study, the development of protocols for neuronal seeding, long-term survival, staining
and microscopy on a microfluidic platform are detailed. The overall purpose is the production of
protocols for operating compartmentalized microsystem devices for structured neuronal co-cultures
and provide feedback to microfluidic design for future projects, with a long-term vision of creating
replicable neuronal co-cultures of approximate neuropathological models. Protocol development
initially focused on adaptation of an established microfluidic platform to suit neuronal culture, as
methods for seeding, feeding and fluorescence imaging would be equivalent. Following this, a new
platform for long-term neuronal culture was designed with continuing protocol development. The
issues encountered and solutions attempted are detailed according to specific protocol goals, e.g. high-

density cell loading, and where relevant to the platform design.

Specifically the objectives were:

Establish protocols for neuronal staining

= Investigate the potential for long-term in vitro survival

= Provide feedback and recommendations for microsystem re-design

= |nvestigate the effect of astrocytic co-culture on survival of cortical neurons

= Utilize microsystem for neuroinflammatory co-culture
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2. Materials

2.1.1. Chip manufacture and handling

The microfluidic platforms (referred to as chips henceforth) were made by PhD student Rosanne v.d.
Wijdeven. The Chips consisted of micropatterned PDMS with a glass surface functioning as the
substrate (See Supplementary methods for full protocol). In brief, the PDMS is produced by pouring a
10:1 mixture of elastomer PDMS to curing agent onto the patterned master mould. In the mould, the
polymer mixture is degaussed to remove any air from the mix before the pattern is solidified through
heating. Finally, the PDMS was bonded to the glass coverslip using a Plasma Cleaner and heating at a
hot plate. The chips were produced in NTNU Nanolab and transferred to the laboratory in parafilm-

sealed petri dishes.

2.2.Chip design

Microfluidic platforms for cell culture are colloquially termed Chips. All Chips used in the following
experiments were the first attempts of the laboratory group to establish neuronal microfluidic
culture. The initial designs used were originally made for immunological migration assays, however

the discrete chambers and connecting channels made the design adaptable for neuronal culture.

2.2.1. The compartmentalized Migration Chips
The Migration-Chip was designed by the Halaas group, in particular Nimi Gopalakrishnan, PhD.

The following features are common for all such microfluidic culture systems. Openings in the PDMS,
termed wells, are used for all manipulations of the culture, from cell loading to feeding and adding
reagents. The wells are connected to channels which create access to the culture chambers where
the cells are housed. One well and channel is often designated the inlet, or entry channel, while an
opposing channel is designated the outlet. Through the drainage of the outlet, flow from the inlet to
the outlet occurs, thus allowing flow through the chambers. These chambers insulate against
environmental fluctuations seen with open culture systems and allow for clear and consistent

imaging compared to an open well.

Specific to the Migration-Chip is a single channel system connecting all growth chambers on the chip
(See figure 4). Though initially intended for cell migration, it was hoped that this system of channels
would be sufficient for axonal connections. Additionally, a drainage sink was present to provide

consistent flow and gradient formation, though this was not used.
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Cell were loaded from the top left feeding channel in the side chambers, and the left loading channel

in the main chamber. All cell were loaded in the left side chamber and main chamber in this manner.

2.2.2. The Neuro-Chips

The next generation of Chip was the first design specifically tailored to neuronal culture (See figure
5). It therefore had several improvements over the Migration generation. Flush channels were added
to all chambers to allow for rapid exchange of reagents in a chamber and provide additional suction
from the seeding well. Secondly, the channels connecting the culture chambers were specifically
designed for axon outgrowth and imaging analysis. The axon growth channels also allow for future
implementation of MEMS, with far wider channels than previously. To improve loading, pillars were

added to the outlet and flush channels to discourage cell flow into these channels.

During all experiments with the Neuro Chips, cells were added to the main chamber, with side

chambers being confined to provide flow.
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Figure 4: The Migration-Chip design:

The design consists of four core chambers.

The bottommost chamber is termed the Main Chamber, capable of supporting the greatest number of cells. It is connected,
via migration channels, to two smaller growth chambers, termed the Left and Right Side Chambers. Narrow filter barriers

prevent any cell migration into and out of the Side Chambers, but allows for fluid flow.

Directly opposing the Main Chamber is the Sink, which can be operated to engage flow to and from the migration channels

The Main Chamber is accessed through a direct inlet and outlet channel connected to respective inlet and outlet wells.

The Side Chamber access consists of four channels. The inlet and outlet channels are placed as the leftmost and rightmost
channels and wells. Additionally, two Flush channels connect to each side chamber, placed as the topmost and bottommost

channels. These enable rapid exchange of media in the side chambers.

The Side Chambers measure 1000 um in length and 600 um in width, not counting the connecting channels.

The Main chamber measures 2600 um in longest and 1200 um at the shortest. Its width is 500 um.

All wells have a diameter of 2000 um.
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Figure 5: Neuro-Chip design:

In the core of the design, three cell culture chambers are connected together by two discrete axon growth

channels. All three chambers are accessed by an inlet and outlet channel, with two additional flush channels.

The inlet and outlet channels connect to the chambers’ narrow middle, while the Flush channels, indicated by

the splitting just prior to connecting to the chambers, attach nearer the axonal growth channels.

The Main Chamber is the topmost chamber of the design, which recives axonal channels from both Side

Chambers.

The chambers measure 2800 um at the widest and 1200 um at the narrowest. The length of the chambers is

1300 um and height 28 um.

The axon growth channels measure 3 um in height, with 1000 um at the shortest connecting point between the

chambers and 2500 um at the longest.

As with the Migration-Chip, the wells’ diameter is 2000 um.
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2.2.3. Cell types

Neurons are non-proliferative, meaning they must be bought from a supplier or sourced directly
from animals if they are to be used in culture. Such sourcing is highly expensive, or time consuming
and requiring animal sacrifice. Secondly, they are fragile when handled in vitro, making them poor
candidates for protocol development where rough treatment and loss of cells is to be expected. To

circumvent this proliferating astrocytes and neural stem cells were used instead.

Cortical rat astrocytes (ThermoFisher): Astrocytes proliferate slowly, but steadily during culture
making them suited for repeat experiments and long-term culture. Additionally, they are self-
limiting, meaning that once they reach confluence they exit the cell cycle to prevent overgrowth. This
combined with their supportive capacities allows them to easily form feeder layers. Strong
adherence and ECM production is a key feature of astrocytes, allowing them to adhere directly to
any culture vessel in the absence of pre-coated adherence factors. This feature also allows other cells
to adhere to the astrocytes in turn. Combined, these abilities make astrocytes resilient cell well

suited for in vitro culture.

Neural stem cells: Two types of neural stem cells (NCSs) were used, Rat Cortical NCSs (ThermoFisher)
and Human (H9) NCSs (ThermoFisher). NSCs are multipotent and capable of differentiating into any
cells of glial or neuronal lineage. Secondly, NSCs self-organize into neural networks and glial co-
culture without the need for extraneous growth factors or manipulation. As in vivo, differentiation is
highly dependent on both the topography and the chemical composition of the extracellular
environment. In conventional monolayer culture, the extent of topographical and chemical

manipulation is largely confined to the coating of substrates with ECM factors to enhance adherence.
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3. Results

See the Appendix Supplementary Methods for detailed protocols and material overview of all

procedures listed in these results.

3.1.Imaging and staining

As the microfluidic platforms were intended for long-term culture a significant effort was devoted to
developing lasting staining protocols suitable for a microfluidic environment. With long-term live
stains, time lapse could be utilized to examine axon growth and cell growth within the chambers.
Secondly, immunocytochemistry would allow for cell specific and cell segment staining. Unfortunately,

staining proved to be a recurring issue throughout the project.

Largely this was due to the minute volumes within the chips rapidly diluting most stains added. High
molar concentrations for live stains and reversible bonding of the PDMS to provide direct access to the
cells tried to overcome this. Similarly, several live stains were attempted at differing molar
concentrations to both stain dilution and bleaching. The dilution factor of the small volumes would
also counter immunocytochemistry as the dilution of the antibodies, both primary and secondary,

would be pushed into the nanomolar concentration.

3.2.Live staining

Throughout the project, multiple staining protocols were tested for live staining both for cells already
cultured on the Chip (On-Chip) and prior to seeding them (Pre-Chip). Initially, the focus was on Pre-
Chip staining to allow for different stains to be used on different cell types, such as astrocytes and
neurons. However, it was realized that the membrane specific live stains would eventually be taken up
into the soma, and therefore unable to stain cellular extremities. A shift was therefore made towards

staining On-Chip and immediate post-stain imaging.

3.2.1. PKH26

PKH26 is a membrane stain with a very long half-life of over 100 days. It initially showed great promise
during culture prior to chip seeding with astrocytes. However, beyond the first 3 days post staining the
fluorescence gradually became absorbed into the soma. Within a week, the stain was largely confined
to the area immediately surrounding the nuclei, with the cell membrane becoming very difficult to
discern from the fluorescence alone (See figure 6). The stain would therefore be unable to act as a

marker for any axonal growth long-term.
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Figure 6: Absorption of PKH26 into the cell soma.

Though PKH26 provided good membrane staining the first three days post-staining, beyond this time point the stain was
internalized. As seen in the left image, the fluorescence is largely centred around the nuclei, with little of the membrane seen

in the right image being highlighted.

3.2.2. Calcein AM

As the Pre-Chip staining showed difficulty with both longevity and neurite staining, On-Chip
cytoplasmic staining was tried instead to provide neurite staining with brief stains. Calcein, and its
counterpart Ethidium homodimer-1, degrades rapidly compared to PKH26, and is intended for viability
assays with immediate imaging after staining. Despite the brevity, it was thought to be adequate for
imaging without disrupting the longevity of the culture. A long-term Migration-Chip culture was
therefore selected for testing. The chip was especially promising due to several neurons showing

axonal extensions into the central channels.

In order to first determine an optimal concentration for the calcein stain a test was performed with
multiple concentrations as seen in figure 7 below. Though the low (1:5000) concentration provided
clear membrane staining without overexposure, a high (1:2000) concentration was still chosen to

counteract the expected dilution.

Despite the high concentration, the stain was largely absent on the chip, with little to no fluorescence
seen. The effect of the dilution could be seen with the reduction in fluorescence between the seeding
well and the culture chamber (See figure 8). The stain was also found to bleach rapidly, even within

seconds, making it ill-suited for time lapses.
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Figure 7: Calcein concentration assay.

The following concentrations were used:

1:5000 (A)

1:2500 (B)

1:2000 (C)

1:1400 (D)

Exposure was set at 600 ms for all images to allow for comparison. While the exposure is suitable for the lowest
concentration (A), some overexposure is present already in the 1:2500 concentration (B). In addition to the excessive
fluorescence, the 1:1400 concentration (D) also exhibits substantial background fluorescence. The lack of background in the

1:2000 concentration made it a more promising candidate than 1:1400.
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Figure 8: Comparison of Calcein On-Chip staining in Well and Side Chamber.

While the inlet well (A & B) showed strong fluorescence akin to that of open culture, the cells in the connected Side Chamber

(C & D) showed little to no fluorescence at the same exposure (600 ms).
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3.3.Immunocytochemistry

As the live stains largely proved unsuccessful and concentrated near the soma, indirect
immunocytochemistry was attempted instead. Furthermore, the live stains used are all unable to
differentiate between cell types, which became an issue once the switch to neural stem cells was
performed. The dilution factor of the small volumes provided difficulty with immunocytochemistry as
the dilution of the antibodies, both primary and secondary, would be pushed into the nanomolar
concentration before reaching the cells. Hoechst however, was attempted On-Chip due to the single

step staining and the very high affinity and strong fluorescence of the stain.

3.3.1. Hoechst on Chip staining

As Calcein staining had shown to provide little viable staining despite high concentration it was decided
that an attempt with differing time points would be made to establish sufficient time for stain
penetration into all chambers. To that end the nuclei stain Hoechst was applied at set concentration
(1:5000) with four differing time points (5 min 15 min, 30 min, and 45 min) using standard protocol for
open culture ICC staining. As the Hoechst stain acts as a DNA binder and thus terminal stain, the
protocol was applied to four chips at the end of long-term (>3 weeks) culture (See figure 9). The most
effective stain timing was found to be 45 minutes, as brief stains showed almost no fluorescence at
normal exposure. In conventional open culture, the timing for Hoechst staining is very brief, not
exceeding 5-10 minutes due to the strength of the stain. The dilution of the stain On-Chip was

therefore apparent in the length of time required for successful staining.
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Figure 9: Hoechst On-Chip staining.

All stains were performed on Long-Term culture in Migration Chips using the following time points:

A: 5 minutes.

B: 15 minutes.

C: 30 minutes.

D: 45 minutes.

Note the lack of fluorescence at time points 5 and 15 minutes, compared to 45 minutes. Some background fluorescence is

apparent however as an unfortunate effect of the longest stain timings. A set exposure of 20 ms was used for all images.



3.3.2. Staining on reversibly bonded chips

Though the Hoechst was successful given long incubation, it was still hypothesised that reproducible
immunocytochemistry would be difficult due to inadequate flushing of the whole chip and dilution of
the factors used. To bypass the entire issue of the microfluidic volumes, reversible bonding of the
PDMS was instead explored. By removing the PDMS from the glass, normal immunocytochemistry

would become an option, without worry about dilution.

3.4.Reversible bonding

Due to the difficulty with accurate immunocytochemistry within the structures of the PDMS and the
limitations of live staining, strategies for reversible bonding of PDMS to the glass coverslips were
investigated. If the PDMS could be easily removed following completion of the culture then
immunocytochemistry could be performed directly on the coverslips akin to normal staining in a multi-
well plate. The strength of the normal bonding between the PDMS and glass made removal of the
PDMS post bonding impossible without greatly disturbing the cell culture. However, by providing an
intermediate layer of coating between the glass and PDMS such removal could be performed easily
without disrupting the neuronal culture. The molecular structure of PDL provides an ideal platform for
such reversible bonding due to easy bondage to the glass and PDMS as well as its function as an

adherence factor for the neuronal culture.

With PDL coating on the glass, the PDMS could easily be peeled away without disrupting the culture.
Subsequently the culture could be fixed and stained according to standard immunocytochemical
protocol. However, this reversible bond proved far more fragile than expected, meaning handling and
feeding had to be performed with far greater care to avoid accidentally peeling the PDMS. Similarly,

an entirely new loading protocol had to be developed for this chip type.

30



3.5.Loading methods

Due to the distance between the Chip’s wells and the culture chambers, cells need to be loaded into
the chambers through manipulation of the fluid flow between the chamber and the well. Several
methods were tested to find a way to ensure high density in the chamber, along with even dispersal
and low damage to the cells. These methods varied depending on the chip design and cell type used.

Laid out below is the development of the methods used towards the current protocol.

3.6.Migration-Chip

As mentioned previously, the Migration-Chip was designed as an immunological LoC, thus making it ill
adapted for neuroscientific modelling. However, it did prove well suited for basic testing of protocols
for microfluidic cell handling and simple assays of neuronal survival. In addition to testing handling
protocols, it was useful for testing live and immunochemical staining. It therefore permitted significant

protocol development prior to the production of a dedicated neuroscientific LoC.

3.6.1. Pressure application

The first loading attempts made on the Migration-Chips consisted of forcibly seeding the cells into the
chambers. Placing the pipette into the seeding well, pressure was applied to the pipette attempting to
force the cells into the chamber. The tip was angled either straight into the well, or towards the
channel. No drainage was performed in any of the outlet wells, making the fluid in the chip stationary.
The loading was therefore fighting the fluid inertia from the rest of the chip, which led to poor seeding.
In none of these loading attempts did the cells reach the chamber intact. Instead, the majority were
confined to the well or initial segments of the loading channel. Several cells also burst during loading,
seen as cell detritus throughout the loading channel. The high-pressure difference between the pipette
and the loading channel as well as the lack of fluid movement within the chip led to the ineffectiveness
of this approach. The pressure approach was therefore quickly abandoned once instruction on loading

mechanisms was given by previous users of the Migration-Chip.

3.6.2. Pre-loaded pipette tips

Following the failure of the pressure loading, a switch was made to stationary pipettes and capillary
forces for loading. In brief, the approach consisted of loading the pipette with the cells then gently
detaching the tip from the pipette. The loaded pipette would then be placed in the well and the outlets
would be drained to provoke capillary forces towards the chamber (See figure 10). This approach had

been highly successful with the immunological migration assays previously done on the Migration-Chip
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and was therefore attempted with the astrocytes. Unfortunately, one significant problem that arose

during this approach was cell clumping.

The initial attempt with this method proved unsuccessful as the cells clumped to such a degree as to
be unable to enter the loading channel. The astrocytes strong adherence created significant clumping
during seeding which was difficult to counteract with disassociation agents. This presented significant
issues since the clumps formed frequently blocked the loading channels. After repeated failures with
seeding astrocytes due to this problem, and failure of the pressure protocol, the astrocytes were
replaced with neural stem cells. The neural stem cells presented two benefits compared to the
astrocytes. Firstly, they have a far lower adherence and ECM production. Secondly, they possess a
smaller cell size compared to the astrocytes, allowing them easier entry into the microstructures and

enabling greater number of cells to be loaded simultaneously.

Having thus substituted the astrocytes for neural stem cells, this method showed far greater success.
The lack of clumping and the smaller cell sizes allowed the capillary forces to pull the cells from the
loading well into the chamber. The flow pull towards the outlets was strong enough to draw a large
number of cells through the chamber and into the outlet channels and wells. Fortunately, due to the
design of the chambers, competing flow forces would counter each other in regions of the chamber,
thus allowing the cells to settle there. Also, the cells would frequently impact the columns in the
chambers and adhere to them. Small clumps of cells would also become trapped between columns
and act as a barrier for ensuing cells. This was both beneficial and unfortunate depending on the

location of the blockage, as it could block the cells from exiting or entering the culture chamber.

Figure 10: Setup used for multiple concurrent seedings with Pre-Loaded Pipettes.

When only one Chip was being seeded, the pipette tip would be held in hand to allow for manipulations of the flow and

better angling of the tip towards the loading channel.
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To prevent the cells from overflowing the well, and to create good suction between the well and the
chamber, the pipette tips were cut to size to fit the well. Creating a tight seal between the pipette tip
and the well allowed the flow to run directly from the pipette into the chamber instead of upwards
along the sides of the tip, and even spilling over to the surface of the chip. These features were not

specific to the approach of stationary loading pipettes however.

The biggest issue of this approach was the time required due to the difficulty of positioning the pipette
in the loading well. The time required placed the cells at risk due to keeping them at room temperature,
an issue that was only slightly alleviated by keeping the cells at 4°C. The cells could not be kept on ice
due to freezing because of the low resuspension volumes required for high density seeding. The wells
of the irreversible chips, both Migration and Neuro, could contain approximately 4 pL due to the height
of the PDMS. To cram as many cells into the wells as possible a highly concentrated suspension of cells
was necessary. The high concentration meant resuspension of the cells was confined to merely 50 uL,
which in turn reduced the survival of cells due to the lack of media per cell. Time was therefore vital
during seeding. Initially, due to inexperience and poor protocol, the seeding time per chip could exceed
30 minutes, which proved detrimental to cell survival. Even with high seeding concentrations, the
culture would still expire due to this delay. Reducing the timing was therefore vital to culture survival.

This facilitated the development of the following loading protocol.

3.6.3. Stationary loading pipettes

While the loading pipettes did prove successful, the time required for the seeding posed a risk. To
reduce the seeding time, pipettes cut to fit the wells were placed prior to loading and angled towards
the seeding channels. Cells were then loaded into the stationary pipette tips using Microloader tips.
The Microloader was necessitated due to the inadequate reach of normal micropipette tips. Previous
attempts with normal micropipette tips led to droplets of cells adhering to the midsection of the

stationary loading pipettes.

This method produced consistent flow of cells from the seeding well, likely due to the gradual drift of
cells into the seeding well from the loading pipette. The delay produced by this gradual loading,
possibly also enhanced the effect of the capillary forces stemming from the drained well, as cells
exhibited a rapid flow near the chambers, with cells adhering along the connector channels in main
chamber. Up to two chambers on two chips could be seeded concurrently with this method at half the

time required by the previous method.
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Though as with previous seedings, cell clumping partially impeded the flow to the side chamber due
to blockage of the inlets. The method led to good survival in all chambers, with the largest

concentration of cells seen.

This loading method also significantly reduced the loading time, as several chambers and chips could
easily be seeded concurrently, improving the timing of the previous stationary pipettes approach. The
only intervention needed was to restart the cell flow following blockages or reduced capillary forces.
Overall, this method proved the most successful of all tested, due to the steady flow from the well,

ease of handling and short time needed for seeding.

3.7.Neuro-Chips

With the new generation of chips, the loading protocols previously developed were adapted for use
by merely altering the drainage order. The most vital seeding improvement over the Migration-Chip
was the even dispersal of cells throughout the culture chambers. The new flushing channels which
ensured this similarly reduced the number of cells drawn into the outlet which posed a significant issue
with the Migration-Chip. The meandering of the channels did increase the potential for cells to become
lodged prior to the chamber, an issue also seen with the Migration-Chip though not at this scale. One

new protocol was needed however to allow seeding on the reversibly bonded chips.

3.7.1. Droplet loading

With the reversible bonding needed for staining cells, both stationary pipette approaches had to be
abandoned. Unless extreme care was used during loading, the pipette tips would act as levers capable
of peeling the PDMS from the glass. To further reduce this pealing risk the height of the PDMS was
reduced by nearly half. Loading on these chips was performed by placing droplets on the seeding wells
and draining the outlets as previously described. While successful, this did reduce the grasp of the flow
on the cells in the seeding well and frequently led to lower cell numbers in the culture chamber.
Spillage onto the surface of the chip was also far more frequent with this loading protocol.

Unfortunately, this is thus far the only method found for seeding on the sensitive reversible bond chips.

3.7.2. Loading summary

Though large clumping of hundreds of cells, as seen with the astrocytes, could block loading channels,
small clumps of less than a dozen cells acted beneficially flowing into the chambers and functioning as
anchors for ensuing cells. The best cell loading was found with a steady flow of cells into the seeding
well, at a high concentration, with little to no large clumping. The flow could be altered with minute

changes to the volume of media in the outlets and flush wells, to create a steady flow and even
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dispersal of cells into the chamber. Some further development is still required for the reversible chips

however.

3.8.Coating assay

During the use of the Migration-Chips, CellStart acted as the main adherence coating for the neural
stem cells. With the reversible Neuro-Chips, this coating proved incompatible with the PDL required.
However, the reversible chips were found to have very poor survival soon after they were adopted,
with no cultures surviving past one week. This low survival was suspected to stem from the lower
density of the new cell loading method, or the PDL coating. To test this, a coating assay was devised to

check survival of NCS on PDL versus, CellStart, and PDL with Laminin.

As suspected the survival of cells on pure PDL was poor, with no cells surviving past 5 days in vitro
(DIV). CellStart, as expected, provided good survival till 7 DIV, akin to that seen on the Chip.
Surprisingly, the survival of cells on PDL and Laminin proved at least as sufficient as CellStart. This was
subsequently confirmed on the reversible Neuro-Chips with good survival on the cells with PDL and

Laminin.

3.9.Chip feeding, evaporation and contamination control

3.9.1. Long-term survival

With good coating and high density seeding, survival was achieved up to 25 and 32 DIV. Such long-
term survival was seen on four Migration-Chips, where NCSs had been seeded to near confluence in
the left side chamber. As with all Chips, the greatest loss of cells occurred within the first DIV as cells
damaged from the loading procedure underwent apoptosis. Throughout the life span of the cultures,
the greatest survival occurred in clusters of cells, which would be maintained near distinct
topographical features such as columns or channel openings (See figure 11). Additionally, cells would
clump together to maintain this high density, with isolated cells migrating towards high-density areas.
As the cells formed these clusters, the adherence between the cells would maintain the cluster
formation even after the cells had undergone apoptosis. Although the majority of apoptosis occurred
during the first week DIV, a gradual decline of cells took place following this. Some cells would attempt
to migrate into the channels of the Migration-Chips, but once isolated from the networks of the growth
chambers, these cells would decline and become apoptotic within one to four days. Overall, cell density

seemed to be the major factor determining survival.
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The top image shows a NCS culture at 7 DIV with high density seeding. Note the clustering of cells
near the columns and openings into the chamber. The large number of cellular interconnections
indicates the stem cells have undergone differentiation and begun network formation.

The bottom image shows the same culture at 23 DIV. Note the reduction in viable cells and the
presence of dead cells still adhering to clusters. Such gradual decline of culture survival was seen in
all Long-Term cultures. The bottom image has been brightened to better align with the top image.
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Throughout the experiment, three Chips were lost to evaporation and one Chip showed potential
contamination. Developing protocols to counteract these risks turned out to require balancing

between the two, as measures to prevent one increased the risk of the other.

The majority of contamination risk stemmed from the handling and feeding protocols of the chips. As
the chips were contained in parafilm-sealed petri dishes, the only regular air contact came during
feeding. However, leakage of media from the petri dish posed an unforeseen possibility for

contamination.

3.9.2. Flooding protocol

Chip feeding was initially performed through flooding protocol, i.e. placing the entire chip underneath
media and filling the chip container to the brim. The reason for this was two-fold, first to prevent
nutrient deficiency due to media evaporation, secondly to prevent PDMS drying and hydrophobic
groups forming. During flooding protocol, a full media replacement was initially performed twice a
week, but once a week was found to be sufficient given the slow evaporation rate. Though effective,
this feeding protocol was eventually abandoned due to fears of contamination. To replace it a well

specific feeding protocol was adopted.

3.9.3. Waell flush feeding

The seal of the chip containers posed a significant worry throughout the Migration-Chips. The spacing
between the bottom and top plate of the allowed media to seep through the gap and pose a potential
source of contamination. To remediate this, chips were initially covered in parafilm to seal the gap.
However, the amount of media in the chip containers during flooding protocol placed enough pressure
on the parafilm to allow seepage through the sealing. As this placed both the chip and the incubators
housing them in risk of contamination, it was decided to place all chips containers in petri dishes in
addition to the normal containment. Both the petri dish and the chip container were henceforth sealed

in separate layers of parafilm.

In addition, the media volume normally present in the chip containers was greatly reduced. The media
surrounding the chip was kept at a maximum of half the height of the chip, or approx. 1.5 mL of media.
As the inlet wells were not covered by the media, flushing of fresh media was performed every 2 days.
This flushing was performed by removing all media from the outlet wells and placing media over all
cell connected inlet wells. The chips were allowed to sit for 2 minutes to engage the capillary forces

before all wells were submerged in media.
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Eventually, the media was removed from the containment dish entirely, and only the wells were left
with media. This removed any chance of contamination due to media seepage and spillage, and
therefore the need for the external petri dish. With small containers and good sealing, this method
was eventually successful at reducing the risk of contamination. However, it did require vigilant

checking of the media levels to avert evaporation.

Fortunately, evaporation proved to be a far smaller issue for the long-term cultures than expected, as
the only Chips lost to it were affected within the first days of culture after deviation from standard
protocol. Secondly, the risk of short-term evaporation was largely confined to the reversible Neuro

Chips.

With the reversible bonding of PDMS, a larger well diameter was attempted to allow for high-density
cell seeding despite the lowered PDMS height, and thus size, of the wells. This larger diameter proved
fatal however, when combined with a large unsealed container to host the chips. Large petri dishes
hosted several chips concurrently, while remaining unsealed by parafilm. The increase evaporation
from this set up, proved enough to almost completely dry out three chips within the first DIV. Despite
the successful seeding and high density of the cultures, all three chips showed no survival following
the first DIV in the incubator. This complete drought was the only major effect of evaporation seen,
but long-term osmolality changes may have produced minor effects. But through design, the flow
within the Neuro Chips allowed for rapid and major exchanges of media which would likely counteract

the worst of these changes.

3.10. Flow testing Neuro-chips

With the Migration-Chip, testing had been performed by previous researchers to determine the
direction and integrity of flow between the chambers and channels. This was replicated on the Neuro-
chip to determine the same and test the integrity of the reversible bond. All flow testing was done with

commercial Food Colouring.

3.10.1.Full suction of side chamber

The full suction protocol was attempted to establish how quickly new reagents could be made to enter
the side chamber and if even reagent dispersal was possible (See figure 13). This was done by emptying
both flushing channels and the main outlet. The result was surprising as the dye entering the chamber
was akin to normal outlet suction, i.e. >10 minutes. This may be due to the flow channels mainly
creating suction from the axon channel rather than the side chamber itself. Secondly, it may be due to

the reagent diffusing partially based on diffusion through the media, rather than direct flow.
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3.10.2.Test of flushing channels

A flush test was performed by emptying one flush channel, termed flush outlet, and adding dye to the
opposing flush channel, termed flush inlet. The test of the flush channels was partially successful as
the dye quickly (<20 seconds) entered the side chamber. However at this point the dye diverged from
the expected flow path into the flushing outlet. Instead the flow continued into the connecting axon
growth channel. Eventually the dye permeated the entire chamber, and entered the flushing outlet as

well as the main inlet and outlet. This occurred after >10 minutes.

3.10.3.Integrity of PDL bonding

Due to the greatly reduced bonding strength of the PDMS to the PDL layer, the integrity of the channels
and chamber was in question. To test this dye was added to both side chambers and the main chamber
in a standard seeding configuration (See figure 12). While monitoring the spread of the dyes, no
significant air bubbles were seen to form in any chambers or channels beyond that seen normally.
Secondly, no leakage of dye beyond the pattern was seen indicating good integrity of all channels and

chambers despite the reduced strength of the bonding.

Figure 12: Integrity of channels on a reversibly bonded Neuro-Chip.

Image shows dye flow from the main chamber towards the side chambers with no apparent leakage outside the minute
axon growth channels. The increased flow towards the right side chamber is likely due to the proximity between the main
chamber inlet and the right side chamber outlet. The small air bubble seen in the left growth channel likely stems from the

flushing of the chip during production, as such bubbles are an occasional issue with irreversibly bonded chips.
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Figure 13: Inlet flow on Neuro-Chip with full suction.

The flow test, read top left to right, shows dye dispersal over a time period of 10 minutes following full drainage of outlet
and both flush channels. Though substantially slower than cell loading, the dispersal of dye shows the even flow throughout
the Neuro-Chip chambers. The effect of the outlet drainage is shown by the filling of the outlet channel prior to the
saturation of the chamber itself. If not countered during cell loading, this effect can pull a great number of cells towards the

outlet before they are able to reach the centre of the chamber.
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4. Discussion

4.1.1. Practical factors for long-term survival

The goal of long-term in vitro culture was achieved, though the factors underlying the achievement
were not aligned with expectations. Once a culture had survived beyond the first week DIV, its lifespan
would extend into long-term. Though all cultures saw rapid decline of cells within the first DIV, a few
were able to sustain a cell density robust enough for long-term survival. This first DIV appeared to be

the crux of the cultures’ long-term survival, and almost entirely dependent on the loading method.

4.1.2. Improvements and tests of the loading methods

The droplet method was adopted for reversible chips, due to the fear of peeling the PDMS with loading
pipette tips. Unfortunately, it did not reach the effectiveness of the stationary loading pipettes as the
cells were far more likely to settle in the well than previously. The gradual flow of the pipette tips was
missing, and angling of the cells towards the channel was impossible with this method. However, it
may be possible to adapt the stationary loading pipette for use on the reversible PDMS. If a holder is
made for stationary placement of the pipette tip without placing any load on the PDMS it should be
possible to retain the success of stationary loading on the reversible chips. The holder may be a ring
placed directly onto the PDMS with a central opening for the tip, or a rigid scaffold to prevent lateral
movement of the pipette above the well. The production of this is unfortunately beyond the scope of

this project.

An easier test to preform would be the implementation of current loading protocol to astrocytes. The
switch to neural stem cells was largely because of their ease of handling and rapid proliferation, which
allowed for far more rapid protocol testing. With the protocols currently available it is tempting to
return to the more troublesome astrocytes to produce clear co-cultures with feeder layers. With the
gradual seeding of cells facilitated by stationary pipette loading, it is possible to seed astrocytes
without the difficulty of constant clumping. The gradual flow and the small diameter of the
Microloader tips should counteract most of the detrimental clumping. Additionally, the use of
astrocytes on the reversible chips would bypass the issue of coating on those chips, as the feeder layer

itself would be adherent for subsequent cells.

This implementation of astrocytes is one of the more exciting prospects for future projects, as a feeder
layer would not only enhance adherence for cells seeded afterwards, but their strong adherence would
likely counter any sheer stress of secondary loadings. If a feeder layer would enhance both short and
long-term survival of NCSs and or neurons seeded is intriguing and testing of the co-culture would be

relatively easy given successful seeding of the feeder layer.
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4.1.3. Evaporation and contamination

Overall, evaporation and contamination proved to be a far smaller counter to longevity than expected.
Of the 26 Chips seeded throughout this project, three were lost to evaporation and only one to
potential contamination. The risk and fear of both did guide development of several protocols, but
ultimately survival of the cultures hinged on other issues. While evaporation may have reduced the
life span of the cultures with build-up of salinity, the crux of survival oft appeared to be within the
three days of culture, to brief for major build of salinity. The sole exception to this was seen with the

three chips lost due to evaporation of the entirety of the media.

4.2.lmaging and staining
4.2.1. Issues of long-term live staining

Longevity of the live stains used was a significant issue throughout the project. The long-term survival
of the cells required stains that would not interfere with the cells longevity or normal function.
However, stains would either fade rapidly, require a concentration too high to produce staining
without substantial background, or face absorption by the cell. While PKH26 appeared to be a good
candidate, the uptake of the stain into the soma eventually made it unsuitable for accurate staining of
the neuronal extension. This does not mean it was useless, as a long-term somal stain could still be
useful for cell counting and migration assays. The unresolved issue would thus be to find a stain capable
of highlighting neurite extension without impacting the longevity or behaviour of the cells. Currently
the best solution for this would appear to be intermittent use of short-term stains such as CellTrace,
which did highlight the entirety of the cytoplasm, but not for longer than 72 hours. The frequency of
potential use and associated risk would have to be assessed before any data could be derived from

this imaging. A search for better stains, cytoplasmic or otherwise, would likely be better.

4.2.2. On-Chip immunocytochemistry

Unlike live staining, immunocytochemistry is able to stain nearly any cell type or segment of the cell.
But the multiple steps required for staining coupled with the issue of dilution made
immunocytochemistry difficult on the chips. The reversible chip did offer a partial solution, though the
absence of the Chip topography as a reference in the images is unfortunate. Direct
immunofluorescence may counter some of the dilution issue by reducing the number of steps required
for On-Chip staining. Direct immunofluorescence uses primary antibodies with directly conjugated
fluorophores, thus removing the need for blocking and secondary antibodies. The dilution issue would
still necessitate significant testing of optimal concentration and stain timing, but it should hopefully be

possible to overcome.
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4.3.Creating a Lab-on-a-Chip for neuroinflammation modelling

4.3.1. Potential issues of design and protocol

This project is thus far the only of its kind not only at NTNU, but also in Norway, therefore external
guidance for the project is difficult to find. The rarity of such projects nationally necessitated the
development of protocols from scratch. The need for high density loading protocols and long-term
staining was anticipated, but the substantial challenge and time required for their development was
unexpected. On-Chip co-culture and in-vitro modelling of neuroinflammation was therefore not
performed as planned at the outset of the project. The effect of coating on long-term survival and
differentiation is still unknown, as is the effect of topography on the cells. Moreover, the only long-
term survival seen was on the Migration Chips, where channels were not designed for axonal
outgrowth. Axonal connectivity between chambers should therefore be examined, both with regard
to substrate coating and chemotactic factors. Beyond potential current experiments, integrating more

MEMS into the chip would be an advantageous next step in the development of the chips.

4.3.2. Integration of biosensors for live monitoring and future recommendations

The most straightforward, and likely most beneficial, MEMS to integrate would be a microelectrode
array (MEA). MEAs, as the name suggests, consist of numerous electrodes situated underneath the
neuronal culture (Wheeler, Nam, and Wheeler 2011). These electrodes are capable of reading any
electrical activity from the neuronal networks, as well as stimulate the neurons in return. Additionally,
feeder layers, though situated between the neurons and the substrate, do not interfere with activity
to and from the electrodes (Odawara et al. 2014). By simply replacing the current glass substrate of
the PDMS chips with a MEA, live readouts of all network activity is possible throughout the life span of
the culture. Furthermore, the MEA can be used to provide electrical activity from the first DIV, thereby

enhancing survival of the culture by ensuring minimum stimulation for the neurons.

4.3.3. Investigating the shift from acute to chronic neuroinflammation

With a long-term culture established, live electrical readouts and fluorescence available, numerous
neuropathologies mimicking mechanical lesions or neurodegenerative diseases are open for in vitro
study. Key to several pathologies, and a component of the glial scar, is inflammation, in particular
chronic inflammation. Acute neuroinflammation is a vital necessity for damage reduction in CNS
lesions such as stroke, traumatic brain injury, and spinal cord injury (Lucas, Rothwell, and Gibson
2006). Nevertheless, if this inflammation persists, the acute protective effect warps to a detrimental
chronic one. This shift has been difficult to examine in vivo due to the incredible intricacy of the

signalling networks involved. But with a microfluidic environment, confounding signalling factors can
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be reduced to a minimum, and networks and cell types can be exposed to inflammatory factors at
will. Pro- and anti-inflammatories can therefore be tested in parallel on multiple long-term networks
without incurring the costs and difficulties of in vivo testing. Thus, the effect of the factors, and any
treatment and recovery, is accessible for testing. Such testing will be the next step for these

microfluidic platforms.

For example, astrocytes form a significant component of the inflammation present in the glial scar
(Ma et al. 2013; Wanner et al. 2008). Specifically, these astrocytes are termed reactive astrocytes due
to their altered behaviour compared to normal function. Such reactive astrocytes secrete a
substantial number of pro-inflammatory cytokines, which can be harnessed through conditioned
media. Neuronal networks co-cultured with reactive astrocytes could be compared with a neuronal
monoculture exposed to conditioned media, i.e. seeing the impact of astrocytic contact with regards
to the inflammatory response. A comparison could also be made between the neuronal response to
a reactive astrocyte conditioned media versus that of a defined pro-inflammatory media. Calcein,
and its counterpart Ethidium homodimer-1 (EthD), would lend themselves well to such assays as cell

survival could be assessed prior to and following any acute inflammatory response.

Furthermore, by utilizing the modular architecture of the chips, a neuronal culture in the main
chamber of the chip could be assessed on its ability to extend axons towards a reactive and a non-
reactive co-culture present in either side chamber. One can thus see how patterning of growth cues
in the axonal channels, or the presence of anti-inflammatory factors is able to overcome a potential

growth inhibition towards the reactive side chamber.

A multitude of inflammatory factors and growth cues are available for such testing, and the

compartmentalized architecture will be exciting to employ for these assays.
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5. Conclusion

As mentioned at the start of this dissertation, in vivo modelling of CNS damage and repair has certain
caveats. Though it enables realistic physiological modelling, the costs in animal life and complexities of
analysis pose a recurring issue. To overcome some of these issues, the realism of in vivo physiology
must be brought to the in vitro culture. The realism of in vivo models and control of in vitro modelling
form a delicate balance, and at the moment microfluidics sit above the pivot. Overcoming the brevity
of normal culture, and controlling the complexities of physiology allows for the study of CNS pathology,
regeneration, or development without the cost of animal life. However, the development of a neuronal
microculture is not only beneficial for preserving animal life, but also enables testing of human cells.
Rather than forcing human neuropathology onto animal models, the human cells themselves could be
subjected to experimentation. By deriving cells from a patient, one could potentially bypass the
physiological inaccuracies of animal modelling. The use of induced pluripotent cells opens the door to
realistic, i.e. donor/patient-specific culture and, combined with the unparalleled spatiotemporal

control of microfluidics, it enables testing of a multitude of CNS pathologies.
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7. Supplementary Methods:

7.1.1. Chip manufacture:

All Chip manufacture was performed by PhD student Rosanne v.d. Wijdeven at NTNU NanoLab.

10.

11.

12.
13.

14.

Polydimethylsiloxane (PDMS) solution at a weight ratio of 10:1 (Base: Curing agent).

The PDMS solution was onto the patterned master mold.

It was then degassed in a desiccator for 15 min. An Airgun is used to remove any remaining
bubbles if necessary.

PDMS is baked in an oven at a temperature of 70 °C for 1 hr to allow for curing. The cured

PDMS layer is then removed from the master mold.

A sharpened needle (2 mm @) is used to punch holes at the inlet and outlet connections for the
loading and flush channels.

Any PDMS debris is removed from the surface with clear scotch tape

The PDMS features are placed in a glass container with acetone and a magnet, and left in a magnetic
stirrer for 1 min. The acetone is then changed to ethanol (70%) and left for an additional 5 min.
The PDMS is then blown dry with compressed air and left to sit overnight.

The following morning, glass slides are rinsed with acetone and ethanol (70%) and dried under
nitrogen.

The PDMS chip (with the patterned surface upwards) and a glass coverslip, are treated in a plasma
cleaner for 1 min with 80% oxygen and a power of 80 W.

The PDMS chip (patterned surface down) then placed onto the glass coverslip directly after the
plasma generator is finished.

The sealed chip is then placed onto a hotplate at 70°C for 30 sec.

The chip is subsequently loaded with sterile water by pipetting it into the punched inlets and outlet
from the loading and flushing channels.

Finally, the structure is placed in a petri dish and wrapped in parafilm, then stored at a temperature

of 4°C till transfer to the cell laboratory.

7.1.2. Chip preparation:

The chip preparation prior to seeding was as follows: Rinse with PBS without Ca?* and Mg?" which

was applied to each well with a 1 mL pipette. The PBS was then aspirated from each well and

CellStart was applied with a 10 pL pipette to each well in order to coat the chip for NCS seeding. The

CellStart was left on for 1 hour before the chip was rinsed with sterile H,0. Following this the Chip

was filled with media and left to equilibrate.
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7.1.3. Media used:
Astrocyte media
85% D-MEM (High Glucose; Gibco)

15% Fetal Bovine Serum (Gibco)

NCS growth media

Knockout DMEM/F-12 (1X; Gibco)
GlutaMax | Supplement (2 mM; Gibco)
StemPro Neural Supplement (2%; Gibco)
Anti-Anti (1:100; Gibco)

bFGF (20 ng/mL; Sino Biological)

EGF (20 ng/mL; Sino Biological)

NCS differentiation media

Knockout DMEM/F-12 (1X; Gibco)
GlutaMax | Supplement (2 mM; Gibco)
StemPro Neural Supplement (2%; Gibco)

AntiAnti (1:100; Gibco)

NCS growth media was utilized for cell expansion on culture flasks, while differentiation media was

reserved for use on the Chips. Astrocyte media was used both for cell expansion and on Chips.
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7.1.4. Cell expansion:

All cells were expanded on T12.5 or T25 flasks to >90% confluency prior to seeding the chips. The

following protocol was used to passage the cells. All ratios are specific to T12.5 flasks.

N oo v ok

10.

11.

12.

1 hour prior to passaging a new T12.5 flask is coated with CellStart (Gibco) and incubated at
37°C.

The Culture flask is removed from the incubator and media is aspirated and discarded.

The cells are rinsed once with 3mL pre-warmed D-PBS without Ca?* and Mg?* which is added
to the side of the flask. The flask is gently rocked throughout this to cover the entire surface
with D-PBS.

The D-PBS is aspirated off and 500 pL of StemPro Accutase (Gibco) is added to the flask.
The flask is incubated for 2 minutes at 37°C.

Following incubation the flask is tapped on the bottom to detach any cells still adhered.
3.5mL of warm Growth media is added to quench the StemPro Accutase, and the cells are
subsequently transferred to a 15mL centrifuge tube.

The cells are centrifuged at 300 x g for 2 minutes.

The supernatant is aspirated off and the cells re-suspended in 1mL of growth media.

25ul of this is mixed 1:1 with Trypan blue and used for counting on a Hemocytometer to
determine total cell number.

Approximately half the cells would be used to seed a new T12.5 flask to be used for further
expansion, though this number depended on the number of Chips to be seeded.

The remaining cell suspension would be transferred to a 1.5mL Eppendorf tube and spun
down. The cells would then be resuspended in 50uL of Growth media and used for seeding

the Chips.
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7.2.Loading protocols:

7.2.1. Pressure application:

Placing the pipette into the seeding well, pressure was applied to the pipette attempting to force the
cells into the chamber. The tip was angled either straight into the well, or towards the channel. This
was maintained for 2-5 min per loading. After this the cells were placed in the incubator to be
examined the following day. The cells were added to the lower far right well, which feeds into the

right cell chamber.

7.2.2. Standard pipette loading:

Prior to loading, all Chips were prepared as noted in the Chip preparation protocol, and cells were

prepared according to cell expansion protocol.

First, to start the flow towards the chamber, the outlet is partially emptied and flow channels are

completely emptied of media.

4ul of cells, the maximum volume of the seeding wells, is drawn into the pipette tip which is then
placed in the seeding well and gently detached from the pipette by twisting the tip. Unless the tip
had been cut to fit the well, it would be angled towards the loading channel to reduce the chance of

the cells remaining in the loading well.

Throughout this procedure the flow and cell density in the chamber would be monitored on Phase-

Contrast microscope.

The following adjustments would be made if cell flow from the well was low or ceased. If the low
flow could be traced to one of the outlet channels, it would be drained to restart the flow. As the
outlet wells gradually filled over time this was a common occurrence. Unseeded side chambers could
also be drained to provide additional flow. Flow in the seeding well itself could also be poor which
was alleviated by gently moving the pipette tip up and down in the well. Similarly, twisting the tip
was found to influence flow of cells. Occasionally, severe clumping would occur in the entrance to
the loading channel. This was partially countered by placing a 5-pL pipette tip and re-suspending the
cells towards the channel entrance. However as this was rough on the cells, akin to the pressure

loading, it was rarely performed.

Cell flow would be maintained for a maximum of 30-40 minutes before media would be placed in all

wells, the chip container sealed and the chips placed in the incubator.

Stationary loading followed this protocol with the exceptions noted in the Results.
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Droplet loading utilized the same adjustments for low flow, except where a stationary pipette is

noted.

7.2.3. Reversible bonding:

The PDL (Sigma Aldrich) coating was performed using the following protocol. First the glass coverslips
(22x22 mm or 24x32 @) were soaked in 70% ethanol for 1 hour then aspirated and left to dry
vertically, ensuring the removal of all ethanol. PDL (5 pg/mL in PBS) was then added for 5 min. After
coating the coverslips were rinsed quickly 3 times with dH,0. dH,0 was chosen due to the salt crystal
formation of drying PBS potentially impairing the PDMS bonding. After washing the coverslips were
left to dry for 2 hours, then placed in storage at -20° C before being transferred to the cleanroom for

PDMS bonding.

7.2.4. Coating assay:
The coating assay was performed on an Ibidi 12 Well p-culture chip, where 6 wells were utilized.

Each coating was done on two wells to reduce misinterpretation of any cell death due to loading or
poor feeding. The following coatings were used: CellStart (Gibco), PDL (Sigma-Aldrich), and PDL +

Laminin (Gibco).

4.5x10% Rat NCSs were seeded in each well with 250 puL NCS growth media. After 2 days in culture the
growth media was removed and replaced with NCS differentiation media. Half the differentiation
media was replaced every 2 days. The cultures were maintained on differentiation media for 7 days

and imaged daily on phase contrast microscope.
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7.3.Staining protocols:
Imaging Microscope:

All images were taken on an Olympus I1X72 Microscope, with an Olympus DP72 Camera and Cell*B
imaging software. Post-processing was performed in ImageJ to convert non-fluorescence images to

greyscale.

7.3.1. Calcein optimisation assay:

The following protocol was used to determine an optimal concentration for the On-Chip Calcein
(Molecular Probes) stain with Rat NCSs: First, the following concentrations were made by diluting

Calcein stock in DPBS.
2 uL/mL Ratio 1:5000
4 uL/mL Ratio 1:2500
5 uL/mL Ratio 1:2000
7 uL/mL Ratio 1:1400

Rat NCSs were maintained with differentiation media for 3 days on CellStart using 4 wells on a 24-
Well. The media was aspirated off and the stains were all added as 500 pL to the wells, then placed in
the incubator at 37°C for 30 minutes. Following incubation the wells were washed once with 500 pL
warm DPBS. Imaging was then performed immediately. Exposure on the microscope was set to 600

ms for all images.

7.3.2. Calcein On-Chip staining:

The Calcein stain of 5 uL/mL (4mM) was applied On-Chip using the following protocol. First capillary
movement was engaged by emptying non-seeded wells. After 5 minutes at room temperature the
remaining wells were emptied and the Calcein was added to the seeded wells. After 5 minutes,
Calcein was added to the remaining wells and incubated at 37°C for 30 min to settle the stain. Post
incubation the stain was flushed from all wells with dPBS first, and secondly with media. After resting

the cells for 15 minutes, imaging began immediately.

7.3.3. PKH26:

The astrocytes were first stained by applying 1 mL of dilute C (Sigma-Aldrich) to the well as a wash.
While the wash was being applied to the membrane, 4 pL of PKH26 (Sigma-Aldrich) was diluted in 1

mL dilute C in an Eppendorf tube. The wash was then removed and the stain was added to the well
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and the culture placed in the incubator for 5 minutes. Following incubation the stain was removed
and 1 mL PBS with 10% FBS was applied was a wash. The wash was removed and Astrocyte growth

media was added.

7.3.4. Hoechst On-Chip staining:

For all four Chips, Hoechst (diluted 1:10000 in PBS without Ca%* and Mg?*; Thermo-Fisher Scientific)
was added to the seeding wells containing cells, i.e. the right side chamber inlet well on the Immuno-
Chips. All outlet wells were emptied immediately prior to staining. The stains were maintained for 5,
15, 30, and 45 minutes. Post-staining the Chip channels were flushed by replacing the staining
solution with cold PBS and repeatedly draining the outlet channels for 2 minutes before adding PBS

to all wells. Imaging began immediately after washing.

7.3.5. Immunocytochemistry for reversible bonding chip:

All primary antibodies used were supplied by Abcam and secondary antibodies (Alexa Fluor) were

supplied by Molecular Probes.

1. The cells are fixed On-Chip by replacing all media in the wells with 4% paraformaldehyde for
15 minutes at room temperature.

2. The PMDS is then peeled from the glass by grasping an unseeded well firmly with a pair of
tweezers and lifting the PDMS off in one careful motion.

3. Once the PDMS has been removed the paraformaldehyde is removed and the coverslip is
washed 3x 10 minutes in PBS.

4. The cells are then incubated in blocking solution consisting of 5% goat serum (Gibco) and
0.3% Triton X-100 (Sigma-Aldrich) in PBS for 1 hour at room temperature.

5. The blocking solution is aspirated off and the primary antibodies are added in a solution of
1% goat serum and 0.1% Triton X100 in PBS. The primary antibodies are then incubated on
overnight at 4°C.

6. The following day the cells are washed 3x 15 minutes in PBS.

7. The secondary antibodies are added in 1% goat serum and 0.1% Triton X-100 in PBS for 3
hours at room temperature in the dark.

8. Following this the secondary antibodies are aspirated off and Hoechst 1:10000 is added for 5
minutes at room temperature.

9. The cells are then washed 3x 15 minutes in PBS before being mounted using Fluorsave.

Imaging was done the following day.
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