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Abstract 

 

At a high level of abstraction, the brain is a system for analysing sensory information, 

and responding appropriately. That information is encoded and stored in the millions 

of neural circuits that comprise the brain. Deciphering this code is essential to 

understanding how memories are implemented in physiologically normal brain 

tissue, and to inferring the nature of some neurological disorders affecting memory 

such as Alzheimerôs disease, in which the neural encoding is aberrant or 

unsuccessful. 

One approach to this problem is to reduce the complexity of the brain functionality to 

three elements: stimuli, response, and reinforcement. The electrical activity of 

individual neurons can be recorded with electrodes, capturing the pathways of signal 

propagation in a network of cells. Individual neurons can be also induced to reliably 

respond to electrical or optical stimuli, so that they initiate, relay, or even block a 

signal.  

If the stimuli to a finite network of cells can be made heterogeneous so that only a 

sub-population of cells is targeted, then the network can be trained to react in a 

repeatable way to a given stimulus, testing the concept that the higher order 

functions of the brain can emerge from a simple set of underlying computational 

rules. 

Training however requires a mechanism for reinforcing only some of the possible 

pathways, in synchrony with stimuli and in response to the recorded network activity. 

In the intact brain, this mechanism is pharmacological: a neuromodulator such as 

dopamine is released throughout the brain, but as it only coincides with some but not 

all neuronal activity, the reinforcement is temporally selective. 

The key task of this project is to emulate this selective neuromodulator reinforcement 

in vitro in a finite neuronal network. The project must also provide capacity for 

heterogeneous stimulation and individual cell recording, which can be coordinated 

with the reinforcement under computer control. 
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The strategy used was to develop microscale chambers to house a small network of 

cultured neurons. The chambers were integrated with existing cell recording and 

stimulating technologies, so that specific connections between neurons could be 

both monitored and induced.   Neuronal cultures of a few hundred cells were 

successfully grown in microchannels, on substrates capable of recording their 

electrical activity. Thus it was possible to create a small cultured network in which 

complete network activity could be detected, subject to a sufficiently precise 

recording technique.  

Additionally, a fluid-handling system was developed in order to emulate the continual 

replenishment of nutrients and soluble gases that are essential to cell survival. The 

system is intended to deliver soluble chemicals that modulate neuronal activity, on a 

timescale that is consistent with neuromodulator delivery in the body.  

The fluid handling system comprises a set of pressure driven pumps under 

automated computer control. This system has the capacity to deliver neuromodulator 

in solution with high spatiotemporal precision. The ability to reliably deliver and wash 

off precise volumes of drugs in a matter of seconds, with no dilution of the intended 

concentration, will be of great benefit to researchers investigating the response of 

various cell types to different agonists.  
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Glossary of Abbreviations 

 

AP Action Potential, a characteristic voltage change 

associated with neuronal inter-cell signalling. Also called 

a spike 

APTMS (3-Aminopropyl) trimethoxysilane, an aminosilane that 

permits cell growth on glass 

Au   Gold (element) 

AUT 11-amino-1-undecanethiol (AUT), an aminothiol 

permitting cell growth on gold surfaces 

BBB Blood-Brain Barrier, a selective membrane separating the 

brain from the vascular environment 

BPRS Shipley BPRÊ positive photoresist, used here to create 

gold patterns on glass 

Ca2+   Calcium ion 

CAD   Computer Aided Design 

CCD Charge-Coupled Device, used to convert electrical charge 

into a digital value, as for camera images 

CHO   Chinese Hamster Ovary (cell line type) 

Cl-   Chloride ion 

CO2   Carbon Dioxide (typically gas) 

COMSOL  A multiphysics modelling software 

CSF   Cerebrospinal Fluid 

DAQ Data Acquisition (card), a signal processing unit 

permitting parallel computer control of laboratory 

apparatus 

DI / dH2O  Deionised / distilled water 
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div Days in vitro, time cultured cells have been growing post-

removal from the original organism 

.dxf   Drawing Exchange Format, an image file type 

EPSP   Excitatory Post-Synaptic Potential 

FEM   Finite Element Modelling 

FEP   Fluorinated Ethylene Propylene, a plastic 

FET   Field Effect Transistor 

FITC   Fluorescein isothiocyanate, a fluorophore 

fMRI   Functional Magnetic Resonance Imaging 

GPTMS  (3-Glycidyloxypropyl) trimethoxysilane, an epoxysilane 

HEK   Human Embryonic Kidney (cell line type) 

HPLC   High Pressure/Performance Liquid Chromatography 

Hz, kHz, MHz Hertz, kilohertz, megahertz (frequency) 

IPA   Isopropyl Alcohol, a solvent 

IPSP   Inhibitory Post-Synaptic Potential 

K+   Potassium ion 

LabVIEW Laboratory Virtual Instrument Engineering Workbench, a 

visual programming language 

LED   Light Emitting Diode 

LTD   Long Term Depression 

LTP   Long Term Potentiation 

mA   milliamp 

mbar   millibar, a pressure unit 

MEA   Micro-Electrode Array 

mg, µg  milligram, microgram: masses 

MIF   Metal Ion Free 

MPTS   (3-mercaptopropyl) trimethoxysilane (MPTS), a ligand 

mPa   milli-Pascal, a pressure unit 



 

iii 
 

mL, µL, nL, pL millilitre, microlitre, nanolitre, picolitre: volumes  

mm, µm, nm   millimetre, micrometre (micron), nanometre: lengths 

mM, µM, nM  Millimolar, micromolar, nanomolar: molecular 

concentrations 

ms   Millisecond 

mV   milliVolt 

MWCO  Molecular weight cut-off 

N2   Nitrogen (typically gas) 

Na+   Sodium ion 

NTC   Negative Temperature Coefficient 

O2   Oxygen (typically gas) 

OSTE   Off-stochiometry thiol-ene, a thiol-allyl polymer 

PCB   Printed Circuit Board 

PCTE   Polycarbonate 

PDMS   poly(dimethylsiloxane), an elastomer 

PE   Polyester 

PEEK   Polyethylethylketone, a plastic 

PEI   Polyethylenimine, a ligand 

PET   Polyethylene Terephthalate, a plastic 

PID   Proportional-Integral-Derivative, a feedback control 

method 

PDL / PLL  Poly-D-Lysine and Poly-L-Lysine, cell attachment ligands 

PS   Polystyrene 

PVA   Polyvinyl Alcohol 

PWM   Pulse Width Modulation 

RMS   Root mean square 

ROI   Region of Interest (in an image) 

RPM   Revolutions per minute 
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SH-SY5Y  Human-derived cell line  

SiN   Silicon Nitride 

SiO2   Silicon Dioxide 

SLAB   Simple Living Artificial Brain 

SLM   Spatial Light Modulator 

SNR   Signal to Noise Ratio 

SPR   Surface Plasmon Resonance 

STD   Standard Deviation 

STDP   Spike Timing Dependent Plasticity 

Ti   Titanium (element) 

TiN   Titanium Nitride 

UV   Ultraviolet, wavelengths in the range 100 to 400nm 

VI   Virtual Instrument, a LabVIEW program element 
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1 Introduction and literature review  

 Motivation: a new system for analysing learning mechanisms 1.1

in neuronal circuits 

One of the outstanding mysteries of brain function is the nature of the 

encoding and discrimination of information transmitted between neurons, and 

how this may be related to known phenomena, both óhigher orderô (learning 

and behaviour in a complete organism such as a laboratory animal) and 

ólower orderô (physiologically detectable on the order of a single cell).  

 

Top-down theories of learning and behaviour identify areas of the brain 

according with neurological function, often by damaging a region and noting 

any detrimental effect. But this does not describe how the functionality is 

implemented, or how the information imparted is processed (computation). An 

alternative, bottom-up approach posits that decision-making and memory 

formation is encoded in the transfer of electrochemical cues between cells. 

Understanding how this encoding is successfully implemented (or 

unsuccessfully, in the case of some neurological disorders) is critical.  

 
Signalling mechanisms for the transfer of information in the brain are generally 

agreed upon: propagation of action potentials along neuronal axons, and 

synaptic transmission between connected neurons. However, an explicit 

understanding of how these signals are encoded and interpreted is still 

unresolved. 

One approach to this problem is to reduce the complexity of the system to 

three elements: stimuli, response, and reinforcement. This would allow for a 

defined network of neurons to be induced to ñlearnò a particular pattern of 

activity in response to a pattern on inputs imposed by the experimenter, 

testing the concept that the higher order functions of the brain can emerge 

from a simple set of underlying computational rules. To achieve this goal, it is 

necessary to devise new experimental tools that can control the number, 

density, connectivity and activity of neurons, with the further capacity to 
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modulate activity with external stimuli that can be applied with a speed and 

spatiotemporal precision that is comparable to signalling mechanisms present 

in the intact brain. The development of such a system, within the context of a 

larger project that aims to simulate a ñbrain in a dishò, is the primary goal of 

the work described in this thesis.   

In this thesis, the strategy used was to develop chambers to house a small 

network of cultured neurons. The chambers were integrated with existing cell 

recording and stimulating technologies, so that specific connections between 

neurons could be both monitored and induced.    

Additionally, a fluid-handling system was built in order to replace the continual 

replenishment of nutrients and soluble gases that are essential to cell survival. 

The system is intended to deliver molecules that modulate neuronal activity, 

on a timescale that is consistent with neuromodulator delivery in the body.  

The scope of this thesis is to develop a suite of replicable systems and 

fabrication techniques for achieving these technical goals, as part of a larger 

collaborative project seeking to decipher neuronal encoding by ensuring 

complete knowledge of all activity and all environmental cues, and possessing 

the capacity to adjust the relationship between external input and network 

response.  

The scale of the problem 

The mechanism by which an individual neuron receives and relays information 

is through controlled changes in membrane potential, which induce electrical 

waveforms known as action potentials (APs). At a global level, therefore, the 

spatiotemporal pattern of action potentials passing through a neuronal 

network must be the means by which specific computational tasks are 

achieved by the brain. The association between whole brain regions and 

particular cognitive functions is also well established, and the intensity and 

location of neural activity in response to external stimuli has been mapped in 

the living brain through techniques such as functional magnetic resonance 

imaging (fMRI).  
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What is not known is how the patterns of action potentials propagating though 

a particular set of connected neurons encode information in order to store and 

retrieve memories. It is also not clear how these same patterns can be 

mapped to cognitive processes such as learning, in which information is 

modified, leading to a change in behavioural response. In practical terms, an 

attempt to map all of the synapses and all of the action potentials in an intact 

brain is not feasible. A recent study analysing the connectivity of a small 

region of neocortex highlights the scale of the problem (Kasthuri et al. 2015). 

Accordingly, simplification is essential if a realistic attempt to identify key 

mechanisms of patterning and reinforcement is to be mounted. 

The Neurophotonics Laboratory (NPL) at the University of Nottingham is 

developing a system that will permit an artificial environment to interact with a 

small network of cultured neurons in real time, so that both environment input 

and network response are fully known, and the correlation between them can 

be inferred.  

We posit that to decipher the neural encoding requires complete knowledge of 

the inputs into that finite network of connected neurons, and complete 

knowledge of the response of each neuron in the network. Furthermore, a 

reinforcement mechanism that encourages some but not all connections is 

critical, since without this there is no systematic incentive for the network to 

follow a particular propagation path over all alternatives, and so no learning 

can occur.  

A novel system, consisting of a subset of cultured neural cells interfacing with 

a fully-controlled and monitored environment in a feedback paradigm, is 

proposed, to emulate brain activity and interaction with an environment. It is 

desirable that none of the information in the system is hidden or lost. The 

more information that is missing, the harder it will be for the neural encoding 

to be deciphered. This is analogous to attempting to decipher a written code 

from excerpts with missing words and incomplete sentences.  

Thus knowledge of the total culture activity, coupled with the capacity to 

detect and discriminate individual neuron signalling, is essential. This system 

will therefore use only a few hundred cultured cells, thereby significantly 
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reducing the total amount of electrical activity information that must be 

detected and processed.  

This project focuses upon the development of an experimental system for 

rapid, controlled delivery of neuromodulator to neurons grown in culture, on a 

confined scale that allows all the neural signals to be captured. 

 Neuroscience in the intact brain 1.2

 The physicochemical environment in vivo 1.2.1

To determine the technical requirements of an artificial system that is intended 

to emulate the healthy brain, it is necessary to understand what 

physicochemical parameters are critical for long-term neuronal survival, and 

what their typical ranges are in vivo.  

In the intact brain, neuronal cells are contained within a flexible, soft matrix of 

glycoprotein, known as the extracellular matrix (ECM) (Ricks et al. 2014). This 

matrix protects the cells from any shear forces induced by the circulating 

Cerebrospinal Fluid (CSF), meaning that molecular transport to and from the 

cells is dominated by diffusion rather than convection. 

The extracellular volume is the complete volume of the brain consisting of all 

the spaces between individual neurons. The intracellular volume is the total 

volume of all neurons, where a single neuron is of the order of 1-10 picolitres 

(10-12 L) (Kuffler, S., Nicholls, J., & Martin 1984) . In vivo, these volumes are 

of the same order of magnitude and the extracellular volume is smaller than 

the total intracellular volume (Duong et al. 2001) This means cells are tightly 

packed together, with little unoccupied volume between them. Local and 

global concentrations of ions, neurotransmitters, and other solutes are tightly 

regulated both in release and uptake, and the diffusion distances between 

cells are typically very short: a synaptic cleft is usually no more than 20nm 

across. 

pH is a measure of how acid or alkaline a solution is. Many of the enzymes 

and proteins essential for homeostatic regulation and metabolic processes are 

optimised to work within very specific pH ranges, and will denature, losing 

their biological function, if taken out of that range. The CSF in vivo is typically 
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maintained at a pH of 7.5, and it is noted that increasing pH increases 

neuronal excitability while lowering pH reduces it (Obara et al. 2008). 

Soluble gases in the circulating CSF are typically 5% CO2 and 5% O2 (Zhu et 

al. 2012). The acidic CO2 balances the alkaline bicarbonate (HCO3
-) which the 

cells generate, keeping the in vivo pH in the correct range.  

Osmolarity, or osmotic concentration, is the concentration of dissolved ions 

per unit volume. Salts such as Sodium Chloride (NaCl) naturally dissolve into 

Na+ and Cl- ions. If the osmolarity of an extracellular solution differs 

considerably from that of the cell interior, then water will cross the cell 

membrane to redress the imbalance. If water is drawn out of the cell by a 

higher (hypertonic) external concentration, the cell will shrivel up, while if the 

external concentration is too low (hypotonic), water is drawn into the cell until 

it bursts. Both conditions are lethal.  In vivo, the isotonic osmolarity of the CSF 

is 280-300 milli-Osmoles, and is regulated by daily production of salts and 

proteins in the CSF. 

Pressure: The brain is maintained at a pressure greater than the environment 

outside the body. In vivo CSF pressure is typically 2.1 to 2.3 kPa (21 to 23 

mbar) above atmospheric. 

Perfusion: In order to recirculate the CSF in the brain, the choroid plexus 

region continually releases high levels of sodium ions, creating an osmotic 

imbalance. Chloride ions are drawn into this region, inducing water circulation.  

CSF circulates at around 0.4µL/s (400nL/s) in the capillaries that branch to 

individual neurons. However, as noted previously, the shear effect of this flow 

rate is mitigated by the ECM surrounding each cell.  

These general homeostatic features of the healthy brain must be borne in 

mind when designing an in vitro system, and external physicochemical control 

to regulate these parameters within the physiological range will be necessary.  

 Neurons and action potentials 1.3

Every neuron in a network is linked to several others via synapses, which are 

extremely small inter-cellular gaps between the axon terminal of a presynaptic  
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Figure 1 Schematic of a neuron, showing the direction of signal propagation from 
dendrite to axon 

 

neuron and the dendrite of a postsynaptic neuron (Kuffler, S., Nicholls, J., & 

Martin 1984). 

A neuron is essentially formed of a central body (soma) connected to a 

transmission element (axon). The axon branches to form presynaptic 

terminals, each of which abuts across the synapse to a post-synaptic neuron. 

The neuron also has potentially hundreds of reception elements (dendrites) 

each receiving inputs from presynaptic neurons. These chains of 

interconnected cells form the neuronal network.   

 The resting potential 1.3.1

The neuronal membrane is a lipid bilayer a few nm thick which is impermeable 

to ions. The exterior of the cell is characterised by high concentrations of 

negatively charged chloride (Cl-) ions and positively charged sodium (Na+) 

ions, while the interior of the cell has higher concentrations of positively 

charged potassium (K+) ions.  

This comes about because the ion exchanger Na+/K+-ATPase actively pumps 

2 K+ ions into the cell for every 3 Na+ ions that are removed. This acts in part 
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to counter the occasional leakage of ions through the membrane, which is not 

perfectly impermeable. Because the exterior of the cell membrane is now  

  

Figure 2 The resting transmembrane potential, with high extracellular sodium and intracellular 
potassium concentrations, creating a potential difference of 70mV. This is maintained by the ion 
exchanger (right, magenta),which continually pumps sodium out and potassium in. 

more positive than the interior, an electric potential difference is formed (see 

Figure 2).  

The heterogeneity in charge distribution creates an electrochemical gradient, 

causing a potential difference across the membrane called the 

transmembrane potential, and since the exterior of the membrane is always 

considered to be ground (0V), the transmembrane potential is denoted 

negative. At rest, this potential is around -70mV (Kuffler, S., Nicholls, J., & 

Martin 1984). 

 Ligand-gated ion channels 1.3.2

The membrane contains embedded proteins which can change their 

conformation, opening pores in the membrane known as ion channels. Unlike 

the ion pump which exchanges sodium and potassium, the channels are 

simply gaps in the membrane permitting ions to travel down the concentration 

gradient and either enter or exit the cell. The stimulus to open these proteins 

can be ligand-gated. At the synapse, molecules of neurotransmitter, such as 

glutamate, are released from a presynaptic vesicle, into the synaptic cleft 

between dendrite and axon (Zhou & Danbolt 2014). In this case (see Figure 

3), a neurotransmitter molecule triggers a post-synaptic receptor on a 

dendrite, and a sodium channel opens. Sodium ions now pass into the cell 
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interior until the channel closes, adding positive charge and raising the 

transmembrane potential from -70mV closer to 0V. This is referred to as 

depolarisation.   

 

Figure 3 A neurotransmitter (blue ) causes a sodium ion channel (red) to open 

caused by ligand-gated ion channel from a pre-synaptic axon is known as an 

Excitatory Post-Synaptic Potential (EPSP). 

Alternatively, the neurotransmitter may open a potassium ion channel. In this 

case, the concentration of potassium ions inside the cell drops, making the 

internal charge more negative, and the membrane potential drops below  -

70mV. This is referred to as hyperpolarisation and leads to Inhibitory Post-

Synaptic Potential (IPSP). 

 Threshold potential, depolarisation 1.3.3

If only a few ligand-gated sodium ion channels open within a short period of 

time, then the Na+/K+-ATPase pump will remove the additional sodium before 

the transmembrane potential can significantly increase. If, however, a 

significant number of ion channels are opened simultaneously, then the 

transmembrane voltage crosses a threshold (typically -55mV), and other 

voltage-gated sodium ion channels open (see Figure 4). The EPSP 

propagates along the dendrite to the cell soma, and if a sufficiently high 

number of ligand-gated sodium ion channels, on one or more dendrites, open 

within in a short space of time (temporal summation), the membrane potential 

crosses a certain threshold. This opens many more voltage-gated ion 
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channels in the soma (the central body), and rapidly increases the rate of ion 

movement, causing the membrane potential to rise above 0V. When the 

membrane potential has crossed the threshold value, the neuron is said to 

have been triggered to fire. 

 

Figure 4 If the transmembrane potential crosses a threshold, other sodium ion channels open 

The number of sodium ions entering the cell is now so high that the Na+/K+-

ATPase pump cannot compensate for it, and so the transmembrane voltage 

rises until it becomes positive ï there are so many positive ions inside the cell 

that the interior is more positive than the exterior. 

 Potassium ion channels open, hyperpolarisation 1.3.4

When the membrane potential crosses +40mV, the sodium ion channels 

begin to close, but potassium (K+) ion channels begin to open, permitting K+ 

transport out of the cell (see Figure 5). The Na+/K+-ATPase pump is now able 

to reduce the high internal concentrations of sodium, but cannot keep pace 

with the loss of potassium. The net effect is rapid loss of positive charge 

inside the cell.  



Chapter 1 

10 
 

 

Figure 5 Potassium channels begin to open as the transmembrane potential increases 

    

Figure 6 All ion channels are now closed. The ion exchanger acts to restore the concentrations 
of potassium and sodium that were present in Figure 2 

This is the polarising phase, during which the transmembrane potential drops 

rapidly from its maximum of +40mV to a state of hyperpolarisation, below the 

resting potential.  

 Refractory period 1.3.5

As the transmembrane potential drops, the voltage-gated potassium channels 

also close. There are now no routes for passive ion transport across the 

membrane, and the Na+/K+-ATPase pump can begin restoring the resting 

concentrations of potassium inside the cell and sodium outside it. 

Voltage-gated sodium ion channels which have closed after hyperpolarisation 

cannot be induced to open again for some time afterwards. During this time, 

known as the refractory period, the neuron therefore cannot fire again. 
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This sequence of changes in membrane potential, mediated by controlled 

changes in Na+ and K+ flux, is the action potential (see Figure 7) 

 

Figure 7 The progress of an Action Potential (see also figures 2 to 6). This characteristic 

voltage change is also called a spike. 

Once initiated (often in the axon hillock next to the soma), it propagates along 

the axon as adjacent regions of the cell membrane depolarise in turn. For 

rapid propagation over long distances, so called saltatory conductance is 

observed, due to selective myelination of the axon, which forms an insulating 

layer that limits ion flow to small regions of the axon known as Nodes of 

Ranvier (Kuffler, S., Nicholls, J., & Martin 1984). This increases conductance 

velocity, compared to simple passive voltage propagation.   

 Temporal synchronisation and synaptic plasticity  1.3.6

As the channels are activated by neurotransmitter, this means that a certain 

number of EPSPs must occur simultaneously, in order to sum to the threshold 

necessary to induce an excitatory post-synaptic potential. The timescale 

typically reported for this superimposition of depolarisation events, called 

coincidence detection, is 10-20ms. (Tovee 1994) (Yagishita et al. 2014). 

The probability that synaptic transmission will trigger an action potential 

depends on several factors. The first is the probability of presynaptic 

neurotransmitter release ï if this is high, then every action potential that 
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reaches the synapse in the presynaptic cell is likely to be effectively 

transduced into a postsynaptic response. If release probability is low, 

however, then temporal summation of presynaptic action potentials will be 

necessary to initiate synaptic transmission. The second determinant is the 

amount of neurotransmitter released during the synaptic event. The third 

determinant is the density of receptors in the postsynaptic membrane. If 

density is high, then many ion channels will be opened and the amplitude of 

the EPSP will be substantial. All of these parameters will determine how many 

synaptic events are needed to provoke a postsynaptic response, and how 

much each individual synapse contributes to the EPSP.  

These considerations are particularly important, because many physiological 

mechanisms have been identified that can change synaptic strength. All of the 

preceding parameters can be altered by cell signalling pathways that 

modulate the proteins that mediate synaptic release and transmission. A 

major mechanism for synaptic plasticity is coincidence detection (Bi & Poo 

1998; Bi & Poo 2001). This concept depends on postsynaptic depolarisation 

being closely synchronised with presynaptic release, leading to a 

reinforcement of synaptic strength (and so an increase in the EPSP generated 

by such synapses). This is the basis of so-called long-term potentiation (Bliss 

& Lomo 1973), where a period of coincident stimulation leads to long lasting 

increase in synaptic strength (Gruart et al. 2015). Such changes are termed 

ñsynaptic plasticityò and are believed to be the cellular correlate of learning 

and memory (Martin et al. 2000).  

A different kind of coincidence detection which has also been implicated in 

synaptic plasticity, involves the extrasynaptic activation of modulatory 

receptors that do not themselves alter membrane potential, but can couple to 

signalling pathways that alter synaptic strength. A well-known example is the 

dopaminergic fibres that run throughout the brain, and periodically release the 

neuromodulator dopamine across large regions of the brain, including the 

hippocampus, simultaneously (Björklund & Dunnett 2007).  It is hypothesised 

that if a synapse is active in close temporal proximity to the dopamine surge 

(which time window is still debated, but it should not be more than a few 

seconds), then it will be reinforced, while any synapse where this is not the 
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case will not be reinforced. This means that those specific patterns of synaptic 

firing will ultimately emerge from a random background of activity.  

By adjusting the timing of the dopamine release to coincide with particular 

patterns of network activity, it may be possible to reinforce particular 

connections, and at the same time discourage others that are not coincident. 

The strong connection set could further be altered over time by changing the 

timing of the dopamine release. Such temporal control over the drug is not 

feasible in vivo, but could theoretically be implemented in vitro. 

The ability to recreate these kinds of temporal associations between synaptic 

release from presynaptic cells, responses in postsynaptic cells, and 

extrasynaptic delivery of neuromodulators such as dopamine, would be 

essential for testing key concepts about how coincidence detection can be 

used to entrain neuronal networks to particular patterns of activity. This 

therefore represents another challenge for our system design to overcome.  

 1.3 Methods for measuring neuronal activity 1.1.1

1.3.1 In vivo recording techniques 

Experiments involving the entire brain in vivo can demonstrably associate 

certain neural structures with organism behaviour, and with particular 

environmental inputs. This may be achieved by inhibiting connections with 

inhibitory agonists, or though surgery which permanently severs the 

connections. A less invasive approach is through neuroimaging, in which the 

neural activity in a region is indirectly measured by monitoring an associated 

physiological variable.  

In the case of fMRI, this is the oxygen level of blood perfused in the vicinity of 

the tissue being scanned, which indicates how much glucose is being taken 

up by the cells. The imaging has a spatial resolution of 2-3mm3 (Rey et al. 

2015). As a neuron is typically 10-20µm across, this equates to several  

hundred neurons in each direction.  
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Figure 8 The Entire brain linked to an external environment (which includes the body). The one 

stimulus-response relationship of interest (represented by the vertical arrows) is masked by the 

hundreds of other environmental and metabolic processes occurring simultaneously (horizontal 

arrows) and which cannot be measured, and the total information being acquired and processed 

at any given moment is simply too large to be easily handled. 

Measuring individual action potentials, also known as spikes due to their short 

duration, in the intact living brain (in vivo) is possible with microelectrode 

techniques, but clearly only samples from a tiny fraction of the vast 

interconnected network of neurons. An experimenter has little direct 

knowledge of what most of the individual neurons are doing. Such invasive 

methods also require the subject to anaesthetised and the tissues 

traumatised, which may have considerable bearing on the activity 

subsequently recorded. 

This approach minimally affects the physicochemical stability of the brain, 

because the animal is alive and healthy. It can thus be assumed that the 

physiological responses of the cells are as close as possible to the responses 

under normal conditions, which is a great advantage of in vivo methods.   

Essentially, however, any investigation in the intact brain is complicated by 

the sheer number of simultaneously active connections, and the limited 

control of the experimenter over what stimuli the neurons receive from other 

areas of the brain (see Figure 8). Thus the specific input associated with a 

specific action potential cannot be known with certainty, and certainly not 

across the entire region of interest. It is extremely difficult for an observer to  
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Figure 9 In vitro culture with artificial body and no environmental links. Although some or all of 
the bath culture inputs are known due to the composition of the media and the regulation of the 
incubator, as well as knowledge of the agonists delivered, the cell response is not readily 
discernible.   

isolate their functionality, or to be certain that the response is not to some 

other unknown input from the body or external environment. 

To effectively understand how the patterns are being processed and encoded, 

without ambiguity regarding what network responses are associated with 

certain stimuli, it is desirable to somehow remove the network from a partially 

known environment and place it in a system in which all inputs and outputs 

are known and regulated by the experimenter. Such a system cannot exist in 

vivo. 

 In vitro culture 1.4

The alternative approach to in vivo is to culture a relatively small number of 

cells in vitro by removing them from the intact brain, disassociating them from 

the ECM and breaking the existing synapses, and placing a suspension of 

cells into an environment that meets their physiological requirements (see 

Figure 9).  

By doing this, the functionality of the original tissue section is lost and the 

cultured cells are no longer representative of intact tissue. However, since we 

have established that the recording of all network activity down to every single 

spike cannot be undertaken in vivo, this is a rational alternative approach. It 

makes possible the complete recording of electrical activity in a set of cultured 
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neurons, but that set should not be considered functionally identical to an in 

vivo network. 

 Emulating the physicochemical environment  1.4.1

The first obstacle to overcome, is maintaining a population of neurons in an in 

vitro environment. Tissue culture and the sub-discipline of cell culture has 

been a distinct field for over a hundred years (Harrison 1907). The use of 

culture media rich in essential salts, proteins and minerals, and in particular 

the development of completely synthetic supplements that can replace natural 

serums whose precise formulation is unknown (Brewer et al. 1993), allows the 

culturing of cells in vitro and the observation of cell behaviour independent of 

the animal.   

All mammalian cells cultured in vitro require delivery not only of essential 

chemicals and proteins, but also of oxygen (O2) and carbon dioxide (CO2), 

which in vivo would be delivered by the bloodstream. Consequently cells are 

cultured in an incubator kept at 37°C with high humidity to prevent the drying 

out of media, and with 5% CO2 mixed into the air. The O2 content is generally 

left at atmospheric levels (20-21%). 

Any experimental apparatus on which cells are to be observed and 

investigated for any length of time must also meet these conditions.  

In order to maintain the desired osmolarity and salinity, 50% by volume of the 

media can be replaced every 2-3 days. This also replenishes the vital proteins 

and minerals, but imposes an osmotic shock on the cells. 

Neuronal cells cannot directly adhere to glass, and so a chemical link (ligand) 

is needed to prepare a surface for them to adhere to. For example, Poly-L-

Lysine (PLL) is pipetted onto a glass surface and left for a minimum of 30 

minutes to form a uniform layer on the glass, before washing with distilled 

water (dH2O). 

In order to optimise the chance of culture survival, robust embryonic cells that 

are more likely to survive the extraction and disassociation process are used. 

The neurons used in this project are taken from rat embryos 19 days after  
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Figure 10 Neurons growing in vitro  after dissociation  from the original brain tissue. 
After 1 div (left), the cells settle on the glass substrate and begun to extend neural 
processes (blue). After 7 div (right), they have formed branching connections with 
several neighbouring cells. Scale bar 50µm. 

conception (E19). They typically do not begin evincing electrical activity until 

10-14 days in vitro (div). The cells selected are rodent hippocampal neurons, 

due to the strong association of the hippocampi with some types of memory 

formation.  In whole rats where the hippocampus is damaged, the ability to 

perform tasks involving spatial memory is impaired, and the size of the 

hippocampus in humans is loosely related to the ability to perform memory 

tasks. It is therefore inferred that the encoding of information in this brain 

region is particularly significant to memory, and neurons isolated from this 

region will have the capacity to exhibit synaptic plasticity.  

As the cells drop out of suspension and adhere to the substrate of the new 

environment, they begin to explore the surface, seeking the chemical cues, 

known as neurotrophic factors that other neurons release into the 

environment. The gradient of factors will guide the cell growth processes. 

After several days in vitro, neurons cultured in this way will form a network of 

synapses - ultimately the cells órewireô (see Figure 10). Recording from 

individual cells shows the appearance of EPSP and action potentials, and 

many investigators have demonstrated the feasibility of measuring synaptic 

plasticity in cultures of hippocampal neurons under these conditions (Li et al. 

2004).  
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This network is typically ótwo-dimensionalô, meaning it forms a single layer of 

cells, rather than the óthree-dimensionalô architecture originally present in the 

brain. This approach permits greater experimental access to individual cells 

and their activity, and if the culture extent is sufficiently small then in theory all 

the activity from all of the cells in the network can be recorded. 

Why use embryonic rat neurons? 

A downside to the use of cultured neurons is the heterogeneity of cell types 

present in the culture ï as many neuronal types are known to exist in the 

hippocampus in vivo (Breier et al. 2010). An alternative to such óprimaryô cells 

is the use of so-called óimmortalô stem cells that have been genetically altered 

to differentiate into a phenotype with many of the features of neural tissue 

(Wu et al. 2011). These cell lines have the advantages of homogeneity and 

stability, so that experiments performed months or years apart can be directly 

compared, whereas experiments performed using cells from different animals 

require more qualified comparison.  

Because of the production line culturing of such cells at different stages of 

development, it is also possible to greatly increase experimental throughput, 

and the availability of the cells is not tied to an animal house breeding 

laboratory animals, with the attendant costs and ethical considerations. 

However, although many of the protein markers and gene products expressed 

by the stem cells are consistent with a neural lineage, in many functional 

respects these differentiated stem cells do not resemble primary neurons. 

Accordingly, there are significant concerns as to whether the properties of 

synaptic transmission, synaptic plasticity and response to neuromodulation in 

stem cells would resemble neurons in vivo.  

Primary cultures of embryonic neurons are therefore favoured until such time 

as the functional characterisation of induced stem cells is unequivocal.   

 In vitro recording of action potentials 1.4.2

As for in vivo recording methods, microelectrode methods (including patch 

clamp recording) can be used to record from individual (or small numbers) of 

neurons. However, our requirement is for recordings from large numbers of 
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cells ï ideally the entire network. We will therefore focus on in vitro methods 

that can potentially meet these needs.  

In vitro electrode arrays were first introduced forty years ago (Thomas 1972) 

with electrodes composed of gold and tin. For microscopy and imaging 

purposes, the substrate used in most MEAs is optically transparent, typically 

glass. 

Fixed planar arrays were subsequently developed for individual neuronal 

recordings (Gross 1977)  (Rolston et al. 2009). It has been observed 

(Robinson 1968) that electrode impedance must be minimised in order to 

improve signal-to-noise ratio (SNR), but the trend has been towards 

geometrically small electrodes to improve spatial resolution, and a smaller 

electrode has higher impedance.   

Electrode arrays are usually fabricated utilising photolithographic techniques 

(Levinson 2005) which deposit a layer of metal in specific regions on a rigid 

insulating substrate (typically silicon or glass). The electrodes act by coupling 

charge to and from the metal surface into the extracellular medium.  

In addition, all metals and insulators used must be both biocompatible and 

electrochemically stable. A symmetrical and reversible redox reaction is 

necessary to allow the ionic currents in the salty media to couple onto the 

metal electrodes for both recording and electrical stimulation purposes(Peck & 

Martyniuk 1995; Balasubramanian et al. 2006; McAdams et al. 2006). An 

unstable and irreversible chemical change, however, leads to pH change, 

bubble formation, and release of metallic elements which may prove cytotoxic 

and also alter the electrode current-carrying properties (Shleev et al. 2005).  

Insulation is essential to ensure the electrode: electrolyte interface only occurs 

at the circular contacts and not the connecting tracks. Typical insulators 

include Silicon Nitride and Parylene-C (Delivopoulos et al. 2010); though the 

photoresist SU-8 has also been found to be an effective insulator at 

thicknesses of 11µm, and is biocompatible (Zhang et al. 2010). It has been 

demonstrated that plasma activation of the SU-8 will also permit cell adhesion 

(Hennemeyer et al. 2008) 
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Figure 11 Left: Schematic of simple feedback loop using an electrode array to both record neural 

activity and stimulate it with injected biphasic current. Although this creates the capacity to 

provide feedback to the network in response to its activity, there is no means of selecting or 

promoting specific connections. Right: neurons at 5 div grown on a glass substrate with 

integrated electrodes (black circles connected to insulated tracks). Note the very low spatial 

precision of the electrodes with respect to individual neurons. Scale bar 100µm.  

This is typically achieved (see Figure 11) using a micro-electrode array 

(Thomas 1972), developed in order to interface with 2 dimensional cultures by 

using planar rather than pointed electrodes (Gross 1977). Electrode arrays 

(see Figure 12) have the drawback that their spatial resolution is usually lower 

than the inter-neuron separation in a planar culture. 

   

Figure 12 A Multichannel SystemsÊ Micro-Electrode array with attached glass ring to create a 
well for culture containment. The pads at the perimeter of the glass plate interface with a spring-
contact head stage which amplifies and filters the recorded signals at each electrode. The MEA 
seen here (right, scale bar 200µm) has 60 Titanium Nitride electrodes, each 30µm in diameter and 
spaced 200µm apart.  

Because of this, two neurons in close spatial proximity may be 

indistinguishable to a nearby recording electrode. Indeed this is a major 

problem when using electrodes to detect neuronal signalling, and a variety of  
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  Figure 13 The activity recorded at each electrode is analysed using MultiChannel Systems 
MCRack

TM
 spike detection software. Each part of the grid represents all activity recorded by that 

electrode, though it does not discriminate which cell is being recorded.  

time-dependent algorithms collectively called óspike sortingô are utilised in an 

effort to establish which neurons fired when an action potential is recorded on 

an electrode. However, these tools can allow recording of multiple cells with 

good spatiotemporal resolution (see Figure 13). Refinement of this technique 

may make the ultimate goal of the project possible.    

 Advantages and disadvantages of in vitro methods 1.4.3

Simplifying the entire organism to a finite cell network removes the complex 

unpredictability of the body and environment, which are continually providing 

uncontrolled input to the system. In addition, the reduction of the brain from 

billions of cells to a few hundred or thousand means that the data can be 

evaluated and processed far more easily. 

The disadvantage is that it is extremely difficult to match all of the 

physiochemical conditions present in the intact brain. This presents 

challenges for cell survival, or will develop differently and thus any observed 

behaviour may be due to an abnormal or missing physicochemical factor, 

rather than the intended stimulus-response. 

Nevertheless, the advantages of in vitro culturing and recording techniques 

are such that the basic premise of recording activity in a limited network is 

feasible.  
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 Implementing time-dependent reinforcement in vitro 1.4.4

The previous sections confirm the underlying premise that coordinating the 

detection of action potentials in a network with the artificially induced release 

of dopamine with a novel delivery system should be possible with an in vitro 

system (Figure 14). 

 

Figure 14 The ultimate aim: a system combining high-frequency (kHz) opto-electrical 
feedback for monitoring and stimulating neuronal activity on a single cell basis, coupled 
with a pharmacological dleivery system synchronised to electronic feedback, but with 
global agonist delivery on a slower timescale (1 Hz).  

A feedback loop comprising only the monitoring and stimulating electrodes is 

feasible. However, such a feedback loop alone is not sufficient for learning 

and memory formation, since there is no mechanism for promoting the 

reinforcement of preferred pathways throughout the network by 

neuromodulatory signalling pathways. Consequently, the electrical feedback 

would simply take background chatter from the network and repeat it without 

emphasising or suppressing any signals. No meaningful adaptation can occur 

in this scenario. 

A reinforcement signal is needed to deliver neuromodulator across all neurons 

in the network at a defined moment, which occurs within a certain time 

window (see Figure 15) after the activity it is intend to reinforce. This 

reinforcement should act to increase the synaptic strength, or probability that 

the post-synaptic neuron will fire the next time the pre-synaptic neuron does 

so. Based upon in vivo studies of neuromodulation, it can be inferred that the  
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Figure 15 Feedback with reinforcement pathway. The agonist, a neuromodulator such as 

dopamine or Carbachol, coincides with some but not all network activity, leading to selective 

reinforcement  

reinforcement window is short; within a few seconds at most, and ideally 

under 1 second  (Roberts et al. 2013) (Arbuthnott & Wickens 2007).  

It is proposed that in order to develop an understanding of how signals are 

encoded and memories are formed in neuronal networks, it is necessary to 

know all inputs and outputs to and from the network, regulating the 

physicochemical environment so that it does not cause any perturbation to the 

network, and to have a spatiotemporally controlled neuromodulator signal that 

can be timed to encourage or discourage (i.e. potentiate or depress) certain 

synaptic firing patterns.  

If we could insure sufficient control of inputs and outputs both spatially and 

temporally, with deterministic synchronisation of the electrical and 

pharmacological signals, then it becomes possible to test the hypothesis that 

a network of connected neurons can be manipulated into demonstrating 

recognisable óbehavioursô.  

 The Technical Capability Gaps  1.5

The ability to deterministically integrate chemical reinforcement and electrical 

recording, on a finite network of primary neurons has not been implemented, 

due to the considerable technical difficulties such a system imposes.  

Cell biology, pharmacology, and surface chemistry must be combined with a 

range of engineering disciplines including signal processing, automated 

control  of systems in parallel, materials science, computer scientists, 
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mathematicians, and electrical and mechanical engineering. This requires 

collaboration between many subject specialists for effective implementation of 

the concept.  

The single most important barrier is the current inability to deliver 

reinforcement cues on the timescale required, while leaving the 

physicochemical environment unperturbed. Solving this problem is the central 

theme of this thesis. 

Due to the very interdisciplinary nature of this research question, however, it 

will be necessary to collaborate with experts in cell biology, in vitro culture, 

computer science, surface chemistry, and mechanical engineers.   

 First Requirement: Perfusion without perturbation  1.6

In order to deterministically link the chemical signal to electrical network 

activity, a mechanism for rapid and complete onset and removal of the 

neuromodulator chemical on the timescales of a few seconds or less is 

necessary. Furthermore, in order to monitor the network it is necessary to 

interface with an electrical recording apparatus or microscope, which will 

require removing the culture from the incubator for extended periods of time. 

Although the network can be kept at a stable temperature by means of a 

hotplate under the culture, other physicochemical parameters such as 

osmolarity will be affected by evaporation of the water content in the culture 

solution, and the sterility of the solution may be compromised. Replacement of 

the media to replenish nutrients and remove waste products must also be 

achieved while the network is in situ at the microscope.   

 Using Microfluidic channels to perfuse nutrients  1.6.1

In order to maintain physicochemical stability and sterility outside an incubator 

for long periods, it is necessary that the cells be housed within a temperature 

controlled chamber through which moisture cannot escape. The volume of 

this chamber can be much reduced from a typical bath culture (a few millilitres 

or more) to a few microliters, which is more equivalent to in vivo extracellular 

volume.  



Chapter 1 

25 
 

In order to refresh the nutrients in solution, the fluid in this chamber will need 

to be replaced, which requires flowing liquid and a chamber which acts as a 

channel rather than just a reservoir of liquid. 

Microfluidics is an established discipline (Whitesides 2006)  that offers a suite 

of methods and technologies suitable for the miniaturisation of fluid handling. 

Channels are typically fabricated from the elastomer polydimethylsiloxane 

(PDMS), which can be moulded into complex geometries using soft 

lithography (Whitesides et al. 2001; Whitesides 2002). These are then bonded 

to substrates such as glass. 

Amongst its many applications microfluidics is suitable for cell culture (Young 

& Beebe 2010; Meyvantsson & Beebe 2008) and indeed can be utilised to 

mimic some aspects of the in vivo environment  (Zi·ğkowska et al. 2011). This 

extends from very robust cell lines such as CaCo-2 (Wang et al. 2010), 

HEK293 (Xu et al. 2015) and SY-SH5Y (Dinh et al. 2013) to primary 

mammalian cells (Barbulovic-Nad et al. 2010) (J. N. Lee et al. 2004). 

Of particular interest are of course neuronal primary cells. Biffi et al have 

established  long term recordings of neuronal cultures in a channel placed on 

an MEA  (Biffi, Menegon, et al. 2012), while devices permitting culture of 

different neural cell types (Taylor et al. 2003; Taylor & Jeon 2010) are 

routinely used for investigation of neurodegeneration (Lovchik, Bianco, et al. 

2010) (Millet & Gillette 2012) or the importance of glia (Majumdar et al. 2011). 

Thus it is clear that primary neuronal cultures can be grown successfully in 

microchannels replicating the physicochemical environment. The next logical 

step is to connect the microchannel to a fluid handling apparatus that can 

induce flow. 

Before doing this, however, it is important to understand what physical effects 

the flow will have, particularly in small geometry channels, since we do not 

wish to perturb the physicochemical environment with the circulating liquid. 

 Flow rate in a channel 1.6.2

In an enclosed channel of fixed geometry (see Figure 16) liquid passes 

through the system at a volumetric flow rate, Q. This is derived from the time 
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taken for a volume V to pass a particular point. It can alternatively be 

expressed as the product of the cross sectional area A and the mean velocity 

u of the liquid  

Q = u.A = V/t   [1]  

 

 

Figure 16 Flow rate Q can be considered as the either a volume per unit time or the product of 
area and velocity. The latter is often more useful for comparing flow rates in different sized 
channels 

The continuity of momentum and mass (Bernoulliôs principle) means that Q is 

constant, so that if the channel cross-section A increases then the velocity u 

is reduced, and vice versa. 

 Poisseuille flow and shear stress 1.6.3

The óplug flowô in Figure 16 indicates that the velocity is constant across the 

width of the channel. This is not true, because the boundary of the channel is 

a fixed surface which does not move, and any liquid in direct contact with it is 

also defined as having zero velocity. This is the no-slip condition. 
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Figure 17 Under the no-slip condition at the channel walls  velocity u at the wall is zero. 
As the distance y increases away from the wall, the velocity u increases, reaching its 
maximum at the centre of the channel, where r=0.  

◊ὶ ό ρ   [2] 

From Figure 17, the fluid in the channel travels fastest when r = 0 at the 

centre line, while when r = R, the velocity is zero. This creates a parabolic 

profile in which liquid in adjacent regions is moving at different speeds, and so 

a shearing force is exerted on any object which extends from the wall, which 

will be the case for an adhering neuron. 

This shear stress „ takes the form 

„  ʈ    [3] 

 

where ʈ is the dynamic viscosity of the fluid (units ὖὥϽί and the shear rate is 

the rate of change of u at distance y from the channel wall. 

In a channel of square cross-section, shear stress in a square channel may 

be idealised as  

Ɑ  
Ⱨ╠

◌▐
   [4] 

where w and h are the channel width and height, respectively (Bruus 2008).  
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This shear stress may be highly inimical to neuronal survival, since in vitro 

planar cultures of the kind already discussed do not have an extracellular 

matrix which would protect them from the effect. Thus it is important to review 

under what circumstances neuronal cultures have been grown in 

microchannels previously, particularly with regard to the velocity of the liquid 

used to perfuse over them. 

 

 Appropriate velocities for primary neuronal perfusion 1.6.4

Primary neurons have been successfully cultured in microchannels under low 

shear velocities. The velocities reported are usually in the range of 10 to 50 

microns per second: 7-14µm/s (Millet et al. 2007), 9µm/s (Taylor et al. 2010), 

10µm/s (Joanne Wang et al. 2008),  50µm/s (Kumamoto et al. 2015), but can 

be as high as 3.2mm/s (Biffi, Piraino, et al. 2012). 

Notably, the longer term (more than one or two hours) perfusion experiments 

are associated with lowest flow rates, which will have the least effect on the 

physicochemical stability.    

Thus little work has been done work to date involving high flow rates over 

primary neuronal cells. Axon growth is affected by flow rate (Kumamoto et al. 

2015) (Joanne Wang et al. 2008) or by the pressure differences that can 

induce flow rate (Nguyen et al. 2013), which may be unacceptable for some 

applications where growth and cell migration due to chemical cues 

(chemotaxis) is under investigation. 

Primary neurons are not typically subjected to high flow rates except where 

the shear stress is the source of study (Abaci et al. 2012; Li et al. 2004; Chau 

et al. 2009) (Toh & Voldman 2010), or is used as a traumatic stimulus which 

can be mitigated by modulating the concentration of a neurotrophic factor 

such as Galinin (Liu et al. 2013).  

From the foregoing, it would appear that an appropriate range of velocities is 

in the region of 10 to 100µm/s. 
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 Second requirement: Prompt Neuromodulator Delivery 1.7

 Bath application 1.7.1

Agonists used for in vitro dose-response experiments are typically 

administered by manual pipette into a bulk buffer solution. This delivery 

approach is primarily dependent upon passive mixing over a comparatively 

long distance, meaning a significant delay of many minutes and dilution of the 

original concentration.  

Diffusion is the transport of molecules in a fluid due to heterogeneity in 

substance distribution, such that molecules move along a gradient from high 

to low concentration.  

Fickôs First Law of diffusion (Bruus 2008) states that  

╙  ╓
⸗Ĝ

⸗●
  [5] 

The diffusion flux J, which is the amount of a substance to be found per unit 

area per unit time, is proportional to the gradient of concentration ø with 

respect to distance x from the region of highest concentration. The flux is 

negative since concentration falls as distance increases. 

The proportionality factor D is the diffusion coefficient which is specific to the 

pair-wise combination of the liquid solvent and the solute molecule. 

Neuromodulator molecules such as dopamine are reported to have diffusion 

coefficients of around 6 x 10-10 m2/s in saline media (Lin et al. 2013). 

Fickôs first law can be simplified to 

■ Ѝ╓◄  [6] 

Where ὰ is the distance a molecule has travelled from its initial location, after 

elapsed time t. 

By rearranging, this gives 

◄  
■

╓
  [7] 

so that time squares with distance.  

Thus the time for dopamine to cross a cell 20µm in diameter by diffusion 

alone would be 167ms, but to cross a network 10 cells (200µm) across would 
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take 16.67 seconds. Simultaneous neuromodulator release across large 

areas is possible in vivo because the extra-synaptic dopaminergic fibre has 

many hundreds of branches throughout the brain tissue, so that the released 

molecules do not need to travel long distances before encountering a 

receptor. Such an extra-synaptic delivery system is not present in vitro, 

because the brain tissue is disassociated during the cell plating process. 

Subsequently, the drug remains in solution even after several partial 

replacements of the bath media. This method clearly does not emulate the 

extremely rapid onset and removal of neurotransmitters in vivo (Yagishita et 

al. 2014; Arbuthnott & Wickens 2007).  

 Uncaging of neurotransmitters via photolysis 1.7.2

In photolysis, a ligand is cleaved by a light source of the correct wavelength 

and intensity (Monat et al. 2007). If the ligand was a matrix isolating a 

molecule of neuromodulator from its environment, then the act of photolysis 

would induce targeted agonist release. The ligand can form part of a surface 

coating that the cells later grow upon. This method typically requires a laser 

source in order to precisely target the area of effect at the required intensity 

level to achieve photolysis.  

The temporal precision of the laser (Beta et al. 2007; Lutz et al. 2008) (Baigl 

2012) can cause very rapid, spatially precise agonist delivery, as opposed to 

waiting for the effect to propagate from elsewhere, but require the fluid or 

surfaces to have certain inherent properties. These may be irreversible or may 

be incompatible with the biology. There is also a risk of tissue damage 

associated with high intensity (and typically 405nm, near UV) laser 

illumination, and indeed lasers are often used to deliberately sever axonal 

connections (Tong et al. 2015). This means that repetitive photolysis in a 

single sample on the time scales relevant for synaptic plasticity is rarely 

feasible. 

In addition, this approach does not address the extracellular volume issues or 

the maintenance of the physicochemical environment. 
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 Using microfluidic channels to deliver the neuromodulator  1.7.3

 

Since flow is required in order to replace the culture media, an obvious 

approach is to deliver the neuromodulator in flowing buffer solution. This 

would involve two regimes of liquid, one in which the concentration of 

neuromodulator is sufficiently high to reliably couple to extracellular receptors, 

and one in which the concentration is low enough that the chances of 

inadvertent coupling are minimal. There should be a clear contrast between 

the two regimes so that the reinforcement signal is unambiguous, and the 

transition should occur on timescales suitable for synaptic plasticity. 

Given the constraints on acceptable microfluidic velocities determined above, 

we now check if neuromodulator can be delivered on the necessary 

timescales. 

 The distance problem (valve-mediated switching) 1.7.4

Altering the neuromodulator concentration upstream of the culture 

microchannel, and allowing it to propagate into and through the channel, is 

not a feasible approach.  

 

To illustrate this, consider that the media and agonist reservoirs will need to 

be connected to the cell culture channel, typically by High Pressure Liquid 

Chromatography (HPLC) tubing. Minimising the internal diameter of such a 

tube is desirable to increase the speed of propagation, and a standard internal 

diameter is 150µm. 

Assuming that the microchannel has a cross section of 100µm height by 1mm 

width, which are typical geometries for many microfluidic equations, then 

perfusing at 100µm/s the flow rate Q is 10nL/s (1e-11m3/s).  

Due to continuity of flow, in the HPLC tube attached to the channel the 

velocity is now 566µm/s. If the neuromodulator enters into a length of tubing 

even 1cm long, it will take over 17 seconds to enter the channel. This 

timescale is far too long for useful reinforcement.     
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 Microchannels and Laminar flow  1.7.5

One very useful property that emerges from the use of microfluidic channels is 

the capacity for laminar flow. In a laminar regime, viscous forces dominate 

over inertial forces, and the kinetic energy associated with the liquid 

movement is damped out by the viscous forces. This means that adjacent 

regions of flowing liquid remain distinct, as was observed for Poisseuille flow.  

The converse condition, turbulent flow, is characterised by the dominance of 

inertial forces. Kinetic energy is not damped out by viscous force, so both 

pressure and velocity can change rapidly and unpredictably over short 

distances. Chaotic convective mixing is very common. Such a regime is not 

appropriate for stable physicochemical environment or for controlled chemical 

reinforcement, and so it must be avoided. 

How can we ensure that the flow regime is laminar and not turbulent? The key 

metric that determines this is the Reynolds number (Re).  

This dimensionless number is defined as the ratio of viscous to inertial forces:  

╡▄  
╠╓╗

ⱨ═
  [8] 

Where Q and A are the volumetric flow rate and cross sectional area of the 

channel, defined previously. The kinematic viscosity ’ of a fluid is the ratio of 

the properties ”Ⱦʈ where  and µ are respectively the density and dynamic 

viscosity. Both are temperature-dependent properties intrinsic to the fluid. 

DH is the hydraulic diameter or wetted perimeter of the channel, which for a 

rectangular channel is  

Ὀ     [9] 

 

The flow regime in an enclosed channel is considered laminar if Re is below 

2000, and turbulent if Re is above 2000. 

Since Q is defined 

ὗ όȢὃ  [10] 



Chapter 1 

33 
 

Then  

╡▄
◊Ȣ╓╗

ⱨ
  [11] 

As the kinematic viscosity can only be altered by changing the system 

temperature, which we must not do given the need for physicochemical 

stability, the only variables that can be changed to reduce Re are the 

hydraulic diameter and fluid velocity.  Thus channel geometry and induced 

velocity are the design parameters to be adjusted. 

 Using COMSOL to model phenomena 1.7.6

The finite modelling software COMSOL is used extensively in this thesis to 

test multiple physical parameters at the same time, and to illustrate concepts, 

beginning with Figure 18 and Figure 19 below. A range of physical 

parameters can be simultaneously modelled to assess their interactions, and 

optimise both the geometry of the object and any controlled variable like flow 

rate. 

COMSOL splits a solid continuous object into a mesh of small regions, called 

finite elements. Equations governing physical phenomena such as diffusion 

and fluid mechanics are approximated to give element values at the 

boundaries of each element, based on the known inputs (such as flow rate 

and diffusion coefficient) provided by the user. These values are then 

recombined into a single system of the original equations, which converge to 

a solution which minimises the residual error.  

   

Figure 18 Left: the finite element mesh of a modelled microfluidic channel, and right: solving two 
systems of equations to within a specified error margin. 

This modelling approach allows in theory for a great deal of exploration of the 

possible physical phenomena and geometries, without having to actually 
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construct and test every single one, so in theory it saves a lot of time. 

However caution must be exercised in interpreting the results. If the element 

mesh is too coarse, or the specified residual error is too lenient, then the 

fidelity of the finite element model to the physical system it represents may be 

poor. If the input values are not correct the model will be useless, and it is 

possible to plug numbers into the COMSOL equations without fully 

understanding their significance, and thus accepting a mathematically 

legitimate solution that is physically impossible, such as concentrations that 

are negative. For this reason any model that seems to be satisfactory should 

always be tested with a physically built analogue, to ensure the behaviour is 

as expected. A thorough grounding in the physical equations being used in 

COMSOL is essential. 

 Concentration interface shifting 1.7.7

The laminar flow regime means that if adjacent streams of liquid with different 

chemical content flow in parallel, the concentration does not equilibrate, so 

the high concentration volume is confined to one part of the channel length. 

The extent of that domain is determined by the ratio of the flow rates (see 

Figure 19), and the lateral position of the interface is linearly proportional to 

that ratio. 
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Figure 19 Models of parallel liquid streams entering a channel, and forming a distinct 
boundary. The total flow rate Q is the same in all cases. Depending on the flow rate 
ratio of agonist to buffer, denoted QA and QB respectively, the boundary position 
moves laterally from the centre to the edge of the channel.  

Spatiotemporally varying concentration gradients can be achieved by 

transiently adjusting the flow rates of the parallel streams, so that the 

boundary between the agonist and buffer as swept laterally across the 

channel and back again. This is referred to as the interface shifting approach  

 

Figure 20: Rapidly switching and then restoring the ratio of inlet flow rates causes the 
agonist (red) to be transiently swept across the channel, before being replaced again 
with buffer (blue). 

(Bae et al. 2009), and is illustrated in Figure 20, where the interface between 

high (red) and low (blue) concentration sweeps across the channel. The 

central white region represents a finite area in which the neuronal network 

may be confined. 

Even interface shifting at the point of entry into the channel cannot induce 

change instantaneously. Groups reporting chemical switching times of a 

second or less do so by using very high velocities of several mm/s or more 

(Yamada et al. 2009) (Kuczenski et al. 2007). These high velocities appear 

necessary for rapid chemical switching on the timescale anticipated for 

reinforcement learning (Bae et al. 2009). By using either very fast velocities up 

to 20cm/s (Kuczenski et al. 2007), and narrower channels less than 1mm 

across (Kuczenski et al. 2009), a switching time of 0.1s is reported. 

However, high velocities and rapid switching times are not associated with 

primary cultured cells, but more robust cells such as fibroblasts. Switching 

applications involving primary cells are usually observing a response  to a 

slower change  in hormone or neurotoxin levels, and occur over tens of 
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seconds, with the entire experiment not lasting longer than a few minutes 

(Biffi, Piraino, et al. 2012)  It is simpler to use a robust cell line to demonstrate 

the utility of a microfluidic concept, without struggling to keep primary cells 

alive. Thus systems capable of rapid switching are not necessarily compatible 

with stable culture of primary neurons. 

The longevity and environmental stability noted previously for perfused 

neuronal cultures may come at the expense of being able to generate rapid 

agonist changes that are comparable to those posited to occur in vivo.  

 

A key question in the initial design of the microchannels used in this thesis will 

be to confirm if interface shifting on the timescales required is possible given 

the preference of keeping linear velocities low. It may be necessary to perfuse 

faster than 100µm/s, and so the range is extended to 1mm/s. 

 The diffusion problem  1.7.8

In order to reduce the value of Re and ensure laminar flow, and to reduce the 

shear stress that is induced on cultured cells, it is desirable to keep the flow 

rate low. 

However, if the flow rate drops below a certain threshold, then diffusive 

transport becomes dominant once more, and the distinction between 

neuromodulator and buffer will be lost (see Figure 21). 
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Figure 21 A COMSOL concentration gradient model. Two parallel streams of fluid, 
agonist (red, high concentration) and buffer (dark blue, zero concentration) are 
delivered into the microchannel. The flow rate ratio is 1:5. The cross section is 100µm 
by 1.5mm. The total flow rate changes by an order of magnitude from 1nL/s (top) to 
100nL/s (bottom). This equates to velocities between 7 and 700µm/s. Only above 
10nL/s (70µm/s) is a region without agonist (dark blue) attained. 

Consequently, the flow rates utilised must not be so low that diffusion 

dominates the spatiotemporal distribution of the neuromodulator. COMSOL 

modelling, taking the diffusion coefficient of dopamine as 600µm2/s(Lin et al. 

2013), indicates the flow rate would need to be above 70µm/s to be sure of 

maintaining the distinction between agonist and buffer, and should ideally be 

faster than this. 

From the foregoing discussion, the combination of rapid agonist delivery and 

primary neurons for the purpose of reinforcement signalling is novel and has 

not been attempted. However, it certainly appears to be theoretically possible, 

subject to a method of perfusion compatible with the flow ranges and 

switching times required. 

 Perfusion Strategies appropriate to microfluidic culture  1.7.9

We have determined a set of flow rates that are useful for laminar flow and in 

the range that supports neuronal culture. 

Arising from the above, it is necessary to have a fluid handling system that 

can control at least two flow rates independently, and that is compatible with 
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the microfluidic devices that will be built and the survival of cells cultured 

within them.  

 Gravity driven flow 1.7.9.1

The easiest and least complex method is to use a liquid height difference 

between the media reservoir and the microchannel (see Figure 22), in order to 

induce hydrostatic pressure and thus velocity ό (Millet et al. 2007)  

ό  ςὫᾀ  [12] 

where z is the height above the datum point (in this case the channel). 

Thus the velocity induced is proportional to the height. This flow method is 

generally extremely smooth, as there is no noisy driving mechanism. 

 

Figure 22 Schematic of gravity driven flow. A height difference h imposes a pressure P 

difference P1-P2 on the fluid, inducing a flow Q proportional to the pressure difference.  

 This method does require that the reservoir level be constantly topped up, 

otherwise the height difference and thus the flow rate will drop off over time. 

The replenishment may be achieved using an IV drip (Marimuthu & Kim 2013) 

If attached to a microfluidic network  (Kondo et al. 2014), very low flow rates 

and shear stress levels are reported (1.5nL/s and 10mPa, respectively). 

 Syringe Driver 1.7.9.2

The syringe pump (see Figure 23) is a readily available pump system, used 

for infusion of controlled volumes at a range of flow rates. A stepper motor is 

used to engage the worm drive which compresses a syringe plunger. By 

adjusting the syringe volume, the same step size will invoke a different flow 

rate Q because the cross-sectional area A of the syringe has changed.  
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Figure 23 Schematic of syringe driver. A stepper motor rotates a worm drive pushing a block to 

which the syringe plunger is attached, while the syringe barrel is locked in place. The plunger is 

thus depressed continually, with step size and advance speed determined by the selected 

syringe size and nominal flow rate. The syringe driver may be manually set and left to run for a 

set time, or may be controlled dynamically from a computer. 

A potential problem is that the actuation of the worm drive induces a periodic 

pulsing effect which will cause fluctuations in the flow rate (Li et al. 2014). This 

variation will be particularly significant at flow rates under 1mL/minute, which 

is the regime in which we require to operate, and may cause the interface 

between fluid streams to vary, inducing reinforcement pulses that were not 

intended.  

It remains to be seen if the syringe drivers available will be suitable for stable  

perfusion that does not induce unwanted variation in flow rate and interface 

position. 

 Peristaltic pump 1.7.9.3

Peristaltic pumps, as commonly used for dialysis and in vivo drug infusion, 

operate by continually constricting a compressible tube containing a fluid via a 

set of rollers (see Figure 24) which revolve around a central axis at a certain 

frequency. As the tube is compressed by the rollers so that the cross sectional 

area is reduced, a pressure wave is built up, inducing flow through positive 

displacement of the incompressible fluid.  The flow rate induced is 

proportional to the number of rotations per minute (RPM) about the central 

axis. 
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Figure 24 Peristaltic pump operation. The compressible tube is filled with liquid, and passes 
through a ring (black) within which several cams on a rotating axle (grey). As the cams 
compress the tube they displace liquid forward, at a rate determined by the frequency ɤ of the 
axle rotation. 

 

Figure 25 Variation in flow rate cause by the peristaltic pump, on an arbitrary y-axis. The flow 
induced, especially at low volume rates, is not smooth and has large variation.  

These pressure waves (see Figure 25) will be very significant at the low RPM 

needed for lower flow rates.  This renders it unsuitable for precise interface 

shifting as will be required for the drug delivery concept. 

 Electro-Osmotic pump 1.7.9.4

An applied electric field induces a Coulomb force upon any positively charged 

particle (anion) held in solution. As the anions move parallel to the channel 

walls (see Figure 26), the cations (negatively charged ions) are drawn after 

them, leading to net flow rate. This is analogous to the way in which CSF is 
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regulated in the brain by altering the sodium concentration, except that no 

new ions are added to the solution; only their spatial distribution changes. 

 

Figure 26 Electro-osmotic principle. A channel of glass or silicon walls has integrated electrodes 
which can impose a net electric field.  A surface layer of negative ions (blue) is strongly attached 
to the channel walls. Under the applied electric field, positive ions (red) are drawn towards the 
cathode, creating a Coulomb force, and a net flow (light blue)is generated.  

There is no boundary layer of zero flow next to the wall, and so the flow rate 

profile is planar rather than parabolic. This means that shear stress is 

constant across the width of the channel. Such a pump can potentially draw 

liquid through a channel with much higher flow rate range than a syringe 

pump (Suzuki et al. 2014),  

This approach requires an anode and cathode in the channel devoted solely 

to perfusion rather than electrical recording. The reaction between the 

electrode and media is known to generate hydrogen peroxide and bubbles of 

oxygen and hydrogen. This can drastically alter the pH and is would be 

inimical to cell survival. These electro-osmotic effects may also interfere with 

the ability to record action potentials in the chamber. Since one of the 

requirements of the proposed system is that agonist delivery should not 

interfere with recording, this is not a viable approach. 

 Acoustic / Acoustofluidic pump 1.7.9.5

Piezoelectric transducers can be used to induce a mechanical resonance in 

the substrate of the microchannel (Bruus 2014), where the intensity of the 

vibration is proportional to the applied piezoelectric voltage. The resulting 
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vibrations in the ultrasound range (>20kHz) are used to perturb the fluid in the 

channel. If precisely angled protrusions jutting into the channel are 

incorporated (Huang et al. 2014), then the vibration is directed such that a net 

flow occurs down the length of the channel. 

This technique is capable of at inducing flow rates across a large linear range, 

based solely on the applied voltage. It does not require the design and 

integration of a perfusion apparatus, since the microchannel is effectively itself 

the apparatus. 

It is not considered for long term perfusion, however, since the induced 

vibrations could disrupt cell adhesion, and the electro-mechanical noise may 

interfere with sensing the neuronal network activity.  

 Gas Pressure-Driven pumps 1.7.9.6

Air-over-liquid or air-driven liquid pumps are well established. Briefly, a source 

of air at higher than atmospheric pressure is used as the driving mechanism. 

The compressed air may be used to induce liquid flow indirectly, such as 

acting to depress a syringe plunger (Kuczenski et al. 2007). 

Alternatively, it may be used to directly forcing the liquid in a gastight vessel 

into a smaller space. In this instance the liquid in that vessel is ejected 

through an exit tube. From Poisseuille relationship already noted, the flow rate 

induced is thus linearly proportional to the pneumatic pressure permitted into 

the gastight pressure vessel, and inversely proportional to the fluidic 

resistance of the tube.  

Because the gas pressure can itself be very precisely and rapidly modulated 

through a range of electrically actuated valves, the response of the system is 

typically very prompt, without lagging. There is no noisy drive system creating 

a periodic pulsing effect, as for syringe or peristaltic pumps, so in theory the 

precision of the system is constrained principally by the stability of the electro-

pneumatic valves controlling the rate of gas ingress.   

Most usefully for the purposes of perfusion, the compressed gas can 

simultaneously be used to drive soluble oxygen and carbon dioxide into the 

media reservoir that leads to the cell culture microchannel. 
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One important consideration is that by directly controlling the pressure without 

complete knowledge of the fluidics resistance, it cannot be precisely predicted 

what flow rate will be induced, and so it is advisable to have a sensor element 

capable of detecting mass flow transfer. This however would be a prudent 

consideration for all the pump options considered, since the nominal flow rate 

commanded by the user is not necessarily what will be delivered to the cell 

culture chamber, due to inconsistencies in the fluidic resistance of the 

connecting tubing. 

As the syringe pump approach has been used without apparent detriment to 

physicochemical stability (Biffi, Menegon, et al. 2012), it will be considered 

first. However, looking ahead to reinforcement delivery requirements and long 

perfusion times, the gas-driven concept will also be considered as a longer-

term solution. 

 Third Requirement: A Finite Cell Network 1.8

As discussed, it is desired that the entire neuronal network be subject to 

recording and stimulation, so that all the information entering and leaving the 

network can in theory be known. Furthermore, if the reinforcement signal 

covers only part of the network during agonist delivery, then the network 

activity recorded is not a true representation of the response to the stimuli. 

Finally, it is noted that if given the option, neurons can migrate away from a 

region (Claverol-Tinturé et al. 2005). 

Thus the network needs to be confined to a single finite region within the 

microchannel. There are several possibilities for attempting this, which are 

considered below: 

 Surface Patterning 1.8.1

The substrate on which the cells grow can be functionalised with ligand 

patterns. These areas proscribe the cell culture boundaries. As there is a 

range of patterning techniques suitable for creating spatially heterogeneous 

cultures, this is preferred as the starting point. 

 Micro contact printing 1.8.1.1

Here a precisely formed mould, typically made of PDMS, is óinkedô with the 

ligand in solution and then stamped onto the substrate (Wheeler et al. 2010), 
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(Kim et al. 2014). This deposits ligand only in specific regions. The method 

has several drawbacks, chiefly the need to create a master mould for every 

variation on the desired pattern, as soft lithography is used to make the PDMS 

mould  (Théry 2010). It is simpler to directly pattern the substrate, as 

described below. 

 Photolithography 1.8.1.2

Photolithography (literally ówriting on stone with lightô) is a suite of microscale 

fabrication techniques most commonly associated with the microelectronics 

industry (Levinson 2005). It involves the use of light-sensitive photoresist, a 

material which is deposited as a liquid onto the substrate and rendered 

uniformly flat by centripetal force, and then thermally hardened.  

The resist contains a photo-initiator chemical which is sensitive to ultraviolet 

wavelengths. Depending on the nature of the resist, the photo-initiator will 

either cross-link or cleave the surrounding photoresist where it has been 

exposed. A photomask with some regions opaque to ultraviolet is used to 

transfer the mask pattern onto the photoresist, so then when exposed to 

chemical etchant, the developer, some photoresist regions are rapidly 

removed while others remain.  

The exposed substrate areas can now have material added or removed while 

the shielded regions are not affected. Finally the remaining resist is removed 

with another etchant.  

This concept has been used in conjunction with ligand deposition in a variety 

of ways. Kleinfeld (Kleinfeld 1988) used a resist to shield part of the glass 

substrate while an alkyl-chlorosilane group, which proteins cannot adhere to, 

was deposited in the gaps. The resist was then removed and an aminosilane 

group was deposited in the gaps where the resist had been. Finally, poly-D-

lysine (PDL) was uniformly deposited over the pattern, but could only bind to 

the aminosilane groups. Cultured neurons consequently only grew where the 

aminosilane groups had been deposited (Kleinfeld 1988). Variations on this 

process have been carried out by Prucker et al (Prucker & Park 1999; Prucker 

et al. 1999), Shi et al (Shi et al. 2007) and Kwiat et al (Kwiat et al. 2012). 
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Photolithography can also be used to deposit a metal layer such as gold on 

the substrate, which an appropriate ligand (a thiol group) can then be 

attached to. Since the ligand is not a silane, it will not bond to the glass. This 

is functionally more elegant, since metal patterns in the form of electrodes will 

need to be present on the substrate. Neurons can also be grown readily upon 

gold surfaces (K. Lee et al. 2004) (Palyvoda et al. 2007) (Yoon & Mofrad 

2011), (Albutt 2013) by using the ligand 11-amino-1-undecanethiol (AUT). 

 Combining surface patterning with microfluidics 1.8.2

Combining a patterned substrate with a microfluidic channel is not trivial. 

There are essentially two ways to achieve surface patterning in a 

microchannel (Priest 2010): 

Post-bonding, in which the substrate and channel are attached, and the 

pattern is then rendered on the substrate in a sealed device. 

Pre-bonding, in which the pattern is rendered onto the substrate before the 

channel is attached, and the device is then sealed. 

Both are problematic, as post- bonding the channel may damage deposited 

ligands, while conversely solvents used to suspend ligands such as AUT 

during deposition, may damage the pre-bonds formed during assembly.  

Techniques have been developed to overcome these issues. A common 

technique in post-bonding is to cover the patterned ligand with a temporary 

shield such as polyvinyl alcohol (PVA) during the bonding step (Wang et al. 

2009). The shield can be subsequently removed by flushing with water.  

Conversely, the pattern can be heterogeneously deposited in a pre-bonded 

channel, by making use of the laminar flow regime to lay down parallel 

regions of different ligands in solution (Millet et al. 2010).  

 Creating a topographical barrier 1.8.3

Grooves and small pits, called microwells, are often added into microchannels 

to confine cells to particular regions. This is typically harder to achieve than 

surface chemical deposition, as it requires either the selective ablation of 

particular regions by etching the substrate (Guenat et al. 2006), (Lovchik, 

Tonna, et al. 2010), or the addition of a layer of material between the 
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substrate and the microchannel (Bartholomeusz et al. 2005), (J. Kim et al. 

2009). 

As for chemical confinement, the modification of the surface can be 

undertaken before or after (Rhee et al. 2005;) the final sealing the 

microchannel . It is also possible to culture cells in the wells separately and 

reversibly attach them to the microchannel for perfusion experiments (Morel et 

al. 2012). 

Typically approaches involving etching or additive processes are logistically 

more complicated, and require more specialised equipment, than surface 

deposition techniques, so the latter are preferred as a starting point for 

neuronal confinement. 

 Fourth Requirement: Alternative Electrical Activity Recording  1.9

Given the relatively poor   spatial resolution (for the intended purpose of 

capturing all activity in a network)of existing microelectrode arrays discussed 

previously, alternative means of capturing electrical activity of individual action 

potentials without this limitation are considered. 

 Novel electrode arrays 1.9.1

Ultimately it may be necessary to create bespoke high-density electrode 

arrays with higher spatial resolution, which are compatible with the microfluidic 

channel and confinement methods. However, as a proof of concept and 

compatibility with the microchannel this is certainly worth investigating. 

 Surface Plasmon Resonance Imaging 1.9.2

Surface Plasmon Resonance is a phenomenon observed when incident light 

causes bound (conducting) electrons on a conducting surface to oscillate, at a 

resonant frequency determined by the wavelength of the light and the 

particular metal used.  

If a polarised, coherent light source at around 700nm encounters a 50nm thick 

gold surface (Kuryoz et al. 2013a) at a specific angle, then some of the 

incident photons are coupled by the surface electrons into a standing wave 

that travels parallel to the surface. This is the surface plasmon. Most of the 
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light is reflected to a detecting element (a camera) which records the reflected 

intensity of the entire region of interest. 

Gold in contact with a cell will have a baseline reflectivity based on the 

permittivity of the cell membrane. When a neuron undergoes an action 

potential, the membrane alters its permittivity since it now permits ions to 

cross where formerly it did not, and this alteration can be detected as a 

change in intensity in that region .The spatial sensitivity of the technique is 

potentially very high (around 1µm, a fraction of the cell ). The SPR gold 

geometry can be a simple circle with a diameter corresponding to the desired 

culture extent. 

 Thesis Structure 1.10

This thesis now aims to answer the question: can a microfluidic chamber and 

perfusion system be developed, capable of monitoring all network activity in a 

small network of cultured neurons, and providing spatiotemporally precise 

drug delivery that can selectively reinforce synaptic activity?  

 Chapter 2: Methods 1.10.1

This chapter covers a suite of commonly used methods applicable to the 

fabrication of microfluidic devices, modification of substrates, and culture of 

primary neurons. 

 Chapter 3: Culture in a purpose-built micro channel 1.10.2

Although primary neuronal culture in microfluidic devices is not new, it is 

essential to demonstrate that viable cultures can develop in the 

microchannels that will be used. The geometry of a microchannel suitable for 

rapid drug delivery is modelled and devices are subsequently fabricated. 

Primary neurons are cultured in the resulting devices, to establish a 

benchmark for neuronal viability in the absence of perfusion. 

 Chapter 4: Designing the perfusion apparatus 1.10.3

A perfusion apparatus capable of perfusing media at low flow rates and 

shifting the concentration interface in a microchannel is developed. This 

apparatus has scope beyond the rapid delivery of neuromodulators, and a 

separate application involving slowly time varying release over cell lies, 

underlying the possibility of hormonal delivery to astrocytes, is shown. 
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 Chapter 5: Confining the culture extent 1.10.4

 In order to ensure complete coverage, stimulation, and agonist delivery, the 

cells must be kept confined to one manageable region of the microfluidic 

culture chamber, and methods for doing this are considered and tested, 

beginning with chemical patterning. 

 Chapter 6: Culture under Perfusion in the channel  1.10.5

The work already done is now integrated into one system, incorporating the 

microchannel with a confined neuronal network, and a perfusion system 

capable of prompt drug delivery.  Where the system does not yet meet the 

design requirements, design changes are made in order to overcome the 

issues.  

 Chapter 7: Integrating recording alternatives 1.10.6

Novel electrode and SPR patterns are fabricated, and demonstrated to be 

compatible with the microfluidic channel, paving the way for future 

development of high-resolution electrical recording in a microchannel. 

 Chapter 8: Discussion.   1.10.7

Finally, the utility of the final system is assessed, and compared to the original 

technical requirements and research question. Future work and further testing 

that will be necessary is described, together with an appreciation of where this 

work sits in the field of microfluidic systems applied to neuroscience. 
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2 Methods 

 Ethics:  2.1

All primary neural cells used for experiments were obtained in accordance 

with guidelines set out in the code of practice for humane killing under 

Schedule 1 of the UK Home Office Animals (Scientific Procedures) Act 1986, 

and approved by the University of Nottingham Animal welfare and Ethical 

Review body. 

 Fabrication of basic microfluidic devices 2.2

 Preparation of basic materials  2.2.1

Basic materials must be prepared before any fabrication can occur. In 

accordance with the need for Brightfield imaging and microscopy, all materials 

must be optically transparent to some extent. 

PDMS is typically used for formation of channels, while glass is used to seal 

channels and as a substrate for the deposition of surfaces; both metal and 

chemical. 

 Glass cleaning 2.2.2

Coverslips were sonicated in 10% Decon-90Ê for 10 minutes, then rinsed in 

deionised water and sonicated in more deionised water for 5 minutes. The 

glass was then dried with a nitrogen stream. The glass was sonicated in 

Acetone for 30 seconds, rinsed in more acetone, then sonicated for 30 

seconds in Isopropanol (IPA), rinsed in IPA and then dried again under a 

nitrogen stream. This rendered the glass suitable for subsequent heat 

sterilisation at more than 100°C, and cell culture on Poly-L-Lysine (PLL). 

For subsequent deposition of silanes, the glass was then plasma cleaned to 

activate the surface (50W power and 0.28mbar chamber pressure, for 5 

minutes). 

 PDMS mixing 2.2.3

Sylgard 184 pre-polymers were mixed in the ratio 10:1 w/w base monomer to 

cross-linking catalyst, and de-gassed in a desiccator unit attached to a 
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vacuum pump. The resulting viscous liquid was poured onto moulds or 

substrates and de-gassed again if required. The PDMS was cured at 60-80°C 

for 2 hours. 

 Thin film spinning 2.2.4

To generate thin films of PMDS, the mixed pre-polymers were poured onto the 

central third of a 3 inch (76.2mm) Silicon wafer and processed on a spin-

coater, with film thickness determined by spin RPM and time (see later 

chapter). Wafer and pre-polymer film were then transferred to a hotplate at 

100°C and baked for at least 15 minutes, to harden the PDMS before reflow 

could occur. 

 Functionalization of the surface 2.3

Neuronal cells will not grow directly on untreated glass or gold. Ligands must 

be deposited in monolayers, for successful cell adhesion.  

 PLL on glass 2.3.1

Poly-L-Lysine (PLL) is a homopolymer which promotes cell adherence due to 

its positive charge, which attracts negatively charged proteins and cell 

membranes. 

500µL of PLL at 0.01% in distilled water was pipetted onto cleaned sterile 

glass (Figure 27). The PLL solution was left on the glass for a minimum of 30 

minutes.  

 

Figure 27 A 19mm coverslip (A) cleaned with Decon 90 and solvent as described is uniformly 

coated with PLL (B, blue) by pipetting onto the surface and leaving for 30 minutes.  

The liquid was then removed with a suction line. Deionised water was then 

used to flush remaining liquid PLL from the glass, leaving a monolayer of 

ligand. To keep the ligand wetted, the coverslip was immersed in Neurobasal 

medium until cell plating. 
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 MPTS on glass 2.3.2

Gold does not form an oxide bond with glass, and would easily detach if not 

secured by a wetting layer. This is usually a metal such as Titanium, which is 

capable of forming an oxide with glass and also bonding to gold. For the 

intended application of Surface Plasmon Resonance (SPR), however, an 

intermediate metal layer between glass and gold is detrimental to the sensor 

performance. 

Accordingly, the ligand (3-mercaptopropyl) trimethoxysilane (MPTS) was used 

instead (Figure 28). This consists of a silane group linked to a thiol group, 

which bind to glass and gold respectively. 

 

Figure 28 A recently plasma activated coverslip (A) is immersed in MPTS (B, green) in toluene 

Concentrated MPTS solution was mixed to 1%v/v (500µL in 50mL) in 

anhydrous toluene using sonication for 1 minute.  

Coverslips that had undergone the solvent cleaning regimen were 

subsequently exposed to oxygen plasma (Diener Zepto plasma system, 50W, 

0.28mbar chamber pressure, for 5 minutes) to activate the surface for 

subsequent silane attachment. 

Freshly plasma cleaned coverslips were immersed first in pure toluene for 1 

minute, then in the dilute MPTS solution for a minimum of 30 minutes. 

Coverslips were subsequently rinsed in pure toluene, followed by IPA, and 

dried under a nitrogen stream. To eliminate all remaining solvent, the 

coverslips were baked on a 100°C hotplate overnight.  

 Gold atom deposition 2.3.3

Gold was thermally evaporated (Figure 29) onto the MPTS prepared surface 

in a sample chamber under high vacuum (HV, 10-7 mbar). A liquid nitrogen 

cold trap prevented oil contamination of the samples by the diffusion vacuum 
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pump. A gold target was placed in a filament injected with high current (30A), 

causing evaporation of gold ions. The high vacuum allows ballistic ion 

trajectories, producing a uniform deposition of metal on the targets. The 

thickness of the deposited gold was measured with a quartz microbalance, 

located at the same distance from the target as the samples. To ensure 

Brightfield and fluorescent imaging is not impeded, the metal thickness should 

not exceed 100nm, and for Surface Plasmon Resonance considerations the 

gold thickness should be 50nm (Kuryoz et al. 2013b).  

 

Figure 29 A previously prepared MPTS coverslip (A, green) is coated with a layer of evaporated 

gold (B, yellow). 

 AUT on gold 2.3.4

Epithelial cells such as neurons will not adhere to gold without a suitable 

ligand. An aminothiol (AUT) which binds proteins to gold was used (Figure 

30). 

AUT was mixed at 1mM in pure ethanol, based on previous work by Dr Darren 

Albutt (Albutt 2013). This typically used quantities of 4.8mg AUT solute in 

20mL ethanol. 

 

Figure 30 Gold coated coverslip (A) is plasma activated as for the MPTS protocol, and 

functionalised with AUT (B, magenta) by immersion for 18 hours. One hour immersion will 

deposit most of the layer but uniformity requires much longer. 

Gold surfaces were plasma cleaned and immediately rinsed in pure ethanol, 

then immersed in the 1mM AUT solution for 18 hours. 
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Surfaces were then removed from the AUT solution, rinsed in pure ethanol to 

leave behind the monolayer, then deionised water, and dried under a nitrogen 

stream. 

 Substrate patterning and soft lithography 2.4

In order to mould the PDMS into repeatable microchannels, it was cast onto a 

master mould composed of embossed features on a flat substrate. 

 SU-8 100/50 and SU-8 5 2.4.1

To create microchannel moulds according to the intended feature height (see 

chapter 1 rationale for dimensions) a thick film photoresist was required. SU-8 

is known to produce features of high aspect ratio and vertical sidewall, both 

essential for microchannel fabrication.  

SU-8 film thickness is primarily determined by spin-coater speed and time, 

and by the ratio of solvent to epoxy in the photoresist. The higher the epoxy 

content, the more viscous it will be and more resist will remain after the spin-

coating and heating steps described below.  

A 3 inch (76.2mm) Silicon wafer of orientation [100] was sonicated for 5 

minutes in Ethyl Lactate and then rinsed in more of the same solvent. This 

process was repeated for acetone, methanol, and IPA. The wafer was dried 

under a nitrogen stream and dehydrated at 150°C for at least 30 minutes. 

SU-8 2050 was deposited onto the centre of the wafer and spun at 500rpm for 

10 seconds to coat uniformly, followed by 30 seconds at 2000rpm to thin the 

photoresist to the intended height (Figure 31). The wafer was baked on a 

65°C hotplate for 5 minutes followed by 95°C for 10 minutes, to remove all 

solvent from the photoresist.  
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Figure 31 A) A silicon Wafer is solvent cleaned, B) coated with SU-8 photoresist, C) exposed to 

UV light through a mask to cross-link the epoxy where exposed, and D) developed in Ethyl 

Lactate to remove unwanted resist. 

Photomasks of chrome on soda glass were designed using Inventor 

Professional (Autodesk, see Appendices) and fabricated by JD Photo-tools 

Inc. After aligning the mask, the baked wafer was exposed to i-line ultraviolet 

(UV, 365nm) light at 9mW/cm2 for 30 seconds. The pattern dimensions are 

given in appendix 10.4.1. 

The exposed wafer was heated again for 5 minutes at 65°C and 10 minutes at 

95°C, to cross-link the exposed regions of the SU-8. The wafer was immersed 

in Ethyl Lactate with mild agitation for 15 minutes, to strip off the unexposed 

SU-8 from the wafer. After rinsing with more ethyl lactate, the wafer and SU-8 

features were heated to 150°C for 30 minutes and allowed to cool, in order to 

render the photoresist mechanically robust (hard bake). Measurement of the 

SU-8 features with a contact profilometer confirmed the height to be between 

70 and 100µm. 
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Figure 32 3inch (76.2mm) SU-8 patterned silicon wafer with 11 identical features. The features 

are separated by several millimetres to facilitate cutting out of PDMS blocks after casting. 

To make complete use of the 76.2mm wafer, a photomask of 11 identical 

features was used (Figure 32).  

After the 150°C hard bake, the wafer was thermally glued (Epo-Tek) to a 

machined disk of aluminium 76.2mm in diameter and 2mm thick. This 

provided rigidity to the wafer, greatly reducing the possibility of it shattering if 

exposed to a flexing force during subsequent PDMS degassing and excising 

steps. 

The gluing process took 20 minutes on a 115°C hotplate. This temperature 

was chosen to ensure the SU-8 features were not reheated close to their 

glass transition point. 

 BPRS100 and AZ6612 / AZ 5214E resists 2.4.2

Where Surface Plasmon Resonance (SPR) applications are intended, the 

gold may not be deposited on a standard wetting layer such as Titanium due 

to interference effects  (Aouani et al. 2009). Instead, a coverslip functionalised 

with MPTS is brought to the cleanroom and processed (Figure 33) as follows:  

 BPRS100 positive photoresist 2.4.3

Glass functionalised with MPTS was coated with BPRS100, by depositing 

300µL of photoresist on the coverslip and spinning at 4000rpm for 30 seconds 

to produce a 1µm thick layer. The resist was hardened by baking on a 90°C 

hotplate for 3 minutes. The resist was exposed though a photomask (JD 
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Phototools) to i-line UV at 9mW/cm2 for 6.2 seconds. Where it had been 

exposed, the BPRS100 was subsequently removed by 30 seconds immersion 

in AZ 400K, diluted 1 part in 10 in deionised water. To halt the resist removal, 

the coverslip was then immersed in pure deionised water, and N2 dried. 50nm 

gold was evaporated onto the coverslip as previously described. Acetone was 

used to remove the remaining BPRS100 and the gold coating it, leaving gold 

on MPTS only where the resist had been exposed to UV.  

 

Figure 33 A) MPTS is coated with photoresist, B). After exposure and development part of the 

resist is removed, leaving MPTS, C). 50nm gold is evaporated over the entire coverslip, and 

removed with solvent E) except where it has bonded to MPTS. The uncoated MPTS is later 

removed with oxygen plasma F). 

 AZ5214E positive image reversal photoresist 2.4.4

300µL of AZ5214E was deposited on the MPTS coverslip and spun for 5 

seconds at 500rpm followed by 30 seconds at 4000rpm.  

The coverslip was baked at 90°C for 3 minutes, before UV exposure for 2 

seconds at 9mW/cm2 through a photomask. The pattern was reversed by 

subsequently baking the coverslip at 120C and 30 seconds UV exposure with 
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no photomask. Development was done in AZ726 developer for 19 seconds. 

This removed all resist that had not been exposed. 50nm gold evaporation 

was as previously described. Lift-off was done in dimethyl sulphoxide (DMSO) 

for 1-2 days. 

 Channel fabrication 2.5

Purpose: This process produces a microchannel which can subsequently be 

fused to a substrate. 

 PDMS soft lithography 2.5.1

Sylgard 184 pre-polymers (Dow Corning) were mixed, and degassed as 

described previously, and poured into a polystyrene petri dish or onto a Si 

wafer patterned with SU-8 (Figure 34). The ratio of monomer to crosslinking 

agent was 10:1 by weight. 

The PDMS was polymerised at 60°C for at least 2 hours. After this time the 

PDMS was peeled off the mould and individual dies were separated with a 

scalpel.  

 

Figure 34 A) The SU-8 master mould is covered with liquid PDMS B). After curing at 60-80C forv2 

hours, the PDMS is excised with a scalpel and peeled from the mould C), and access ports are 

cut with a biopsy punch D). 

Fluid access ports were created with a 0.5mm biopsy punch (0.5mm Harris 

Uni-Core), flushed with deionised water to remove debris, and nitrogen dried. 
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The moulded face of the PDMS was cleaned 3X with scotch tape to remove 

debris.  

 Channel bonding 2.5.1.1

These protocols form irreversible bonds between surfaces, to create 

microchannels capable of withstanding pressurised fluid transport.  

 Plasma bonding 2.5.2

Oxygen plasma activation creates hydroxyl (OH-) groups on surfaces. Where 

silicon (Si) atoms are present as in glass and PDMS, the OH- groups will 

covalently bind to them. 

PDMS surfaces were pre-cleaned 3X with scotch tape. Glass surfaces were 

pre-treated as described previously.  

The parts were placed in a plasma oven with the active surfaces facing up. 

The parts were oxygen (N2 free) plasma-activated at 50W and 200 mTorr for 

30 seconds (Figure 35).  

 

Figure 35 A) Surfaces are activated with oxygen plasma (50W, 0.28mbar chamber pressure, for 

30 seconds) and B) brought into contact within 2 minutes. 

Activated parts were removed from the oven and bonded within 2 minutes, 

before the OH- groups could be passivated by moisture content in the air. 

Where careful alignment between surfaces was needed, a droplet of methanol 

was pipetted onto the glass surface to delay the contact of the surfaces. Once 

the solvent evaporated, the surfaces bonded in situ. Bonding was typically 

done at 60-80°C in order to accelerate the process. 
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 Pre-polymer bonding (óStamp and stickô) 2.5.3

This method, adapted from Samel et al (Samel et al. 2007), does not require 

plasma activation of the glass surface, which has implications for deposited 

monolayers and cell culture as discussed later. 

The 19mm coverslip and PDMS channel were prepared as before. A 22mm 

diameter coverslip was placed on the spin-coater. A few drops of PDMS 

curing pre-polymer were pipetted onto the glass (Figure 36), and the coverslip 

was then spun at 2000rpm for 30 seconds, leaving a 20µm layer of pre-

polymer.  

 

Figure 36 A) Catalyst is pipetted onto a 22mm coverslip and B) spun to a uniform thickness. 

PDMS channel is stamped on the catalyst C) and transferred to a 19mm coverslip D) before 

thermal curing of the catalyst. 

With the 22mm coverslip vacuum clamped in place, the PDMS channel was 

brought into contact with the pre-polymer layer for a few seconds (stamping), 

and then lifted off. This coated the base surface of the PDMS with catalyst 

while leaving the channel unaffected.  

The PDMS was then placed in contact with the 19mm glass coverslip 

(sticking). The catalyst was cured on a hotplate at 60°C for 4 hours, with the 

glass in direct contact with the hotplate. Once cured, the catalyst pre-polymer 

formed a strong bond with both PDMS and glass. 
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 Silane bonding for non-silica surfaces 2.5.4

Where one surface is not silicon based, neither the plasma activation nor pre-

polymer catalyst methods are directly applicable. Several methods exist in 

which a silane may be functionalised on a plasma-activated surface, and 

subsequently linked to a different silane deposited on glass or PDMS. Two 

such methods were considered: 

 Aminosilane (APTMS) bonded to Epoxysilane (GPTMS) 2.5.5

Based on the method of Tang at el (Tang & Lee 2010), PDMS channels were 

prepared and plasma activated as described previously (2.5.2), then 

immersed in 1% (by volume) APTMS in deionised water for 30 minutes. 

Channels were then sonicated and rinsed in deionised water before drying 

under a nitrogen (N2) stream. 

 

Figure 37 A) APTMS (pink) functionalised PDMS is brought into contact with GPTMS (green) 

functionalised polycarbonate. B) Theoretical bonding of APTMS on glass to GPTMS on PDMS, 

which is feasible but was not done here 

Test pieces of 2mm thick polycarbonate (PCTE) were cleaned by sonication in 

IPA and deionised water, and dried with N2. The pieces were plasma 

activated (50W, 0.27mbar, 30 seconds) and immersed in 1% (by volume) 

GPTMS in Hexane for 30 minutes (Figure 37). Pieces were sonicated and 

rinsed in Hexane, and dried with N2. PCTE and PDMS pieces were brought 

together and cured at 80°C (oven) overnight (see chapter 6.6.1). A weight 

(1kg) was used to apply pressure during the cure and improve the bond. 
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 Silicone Tape excision and adhesion 2.5.6

Assembling microfluidic devices from pre-cut layers of adhesive tape is an 

emerging technique coined Xurography (lit. órazor-writingô, (Bartholomeusz et 

al. 2005)). 

Silicone-based adhesive transfer tapes of thickness 50µm and 125µm (3MÊ, 

USA) were used. The tapes are provided with a white Polyethylene 

terephthalate (PET) primary release liner (Figure 38), and were backed onto 

an optically clear Polyester (PE) secondary release liner (also 3MÊ). 

 

Figure 38 A representative  microfluidic channel geometry was cut into primary liner and silicone 

tape but not into the secondary liner (left), Schematic of the silicone tape between the liners 

(right) 

Geometries were designed in Autodesk Inventor ProfessionalÊ and exported 

in .dxf format to the plotter cutter (Silhouette Cameo, GraphtecÊ), which 

excised them from the liner-tape-liner stack. Devices were assembled starting 

with a bulk PDMS layer. PDMS was mixed, cast and cured as described 

previously, in a petri dish with no feature mould, so that a smooth flat surface 

was formed for the tape to adhere to.  

The secondary release layer was removed from the tape and the exposed 

silicon adhesive brought into contact with the PDMS. Flow connections were 

cut and cleaned as previously described (Figure 39).  
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Figure 39 A) The secondary liner is removed and the tape flipped over to adhere to the PDMS. 

Once adhered, access ports are cut with a biopsy punch B), before the primary liner is removed 

and the device attached to glass C). 

The primary release liner was then removed and the second adhesive surface 

brought into contact with the glass. Initial contact was performed at room 

temperature. Curing to improve the bond strength was done on a 45°C 

hotplate under moderate compression (a 1kg weight placed on the device) 

overnight. Typical dimensions are in appendix 10.4.2. 

 Cell culture 2.6

 Sterilisation 2.6.1

All devices and materials for cell culture were sterilised at >100°C for at least 

1 hour. Cell and reagent handling was performed in a laminar flow hood with 

aseptic technique. Solvent sterilisation was avoided as it can have deleterious 

effects on bonds between layers, and could remain in the porous PDMS with 

later cytotoxic impact (see later results). 

The sterilised surfaces were then coated with ligands and covered in culture 

media overnight, before cell harvesting and plating 

 Harvesting 2.6.2

This protocol was carried out by technicians Mr Tim Smith and Mrs Dhruma 

Thakker. 
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Hippocampi were dissected from the embryos of Wistar E18/19 neonatal rats, 

and the neural cells were dissociated using enzyme (Trypsin-EDTA, Sigma). 

Cells were suspended in Neurobasal buffer with B27 supplement and 

Pen/Strep antibiotic. 

The cell suspension was centrifuged and re-suspended in more media, in 

order to dilute it to volume densities appropriate for either coverslip or 

microfluidic channel culture. 

 Plating 2.6.3

For culture on coverslips cells were plated at 1.5x105 cells per mL (150 per µL 

or mm3). 500µL droplets of suspension were plated onto 19mm diameter 

(284mm2) coverslips, giving a plating density of 264 per mm2. 

The suspension media was drawn off after 30 minutes cell settling time, and 

replaced with fresh Neurobasal buffer. 

 Feeding 2.6.4

Culture media was replaced at 1 day in vitro (div), 2 div, and 5 div by 

removing 0.8mL of buffer from the well and replacing with 1mL of fresh buffer. 

The additional volume compensates for any evaporation that might have 

increased osmolarity in the buffer. Additional media replacement was not 

done after the 5 div time point. 

 Summary 2.7

A range of materials and ligands are available, but not all can be utilised in the 

same device, and many require separate/conflicting protocols for their use. 

The fabrication processes must meet a number of conflicting requirements, as 

discussed in chapter 1, balancing the need for a robust bond between 

channel and substrate, homogeneous ligand deposition, sterility, incorporation 

of sensing and recording elements, facility of cell suspension injection, and 

time required. 

 

Initially the emphasis is on the survival of cells so that they are as likely to 

survive and grow healthily in a confined channel as on an entire coverslip. 

Cells must be able to survive in the device. This requires a viable ligand at the 

end of fabrication, so any process which invalidates this cannot be used after 
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the ligand deposition. As a precursor step, ligands and other bonds cannot be 

reliably placed on a contaminated surface, so the substrates must be cleaned 

beforehand. 

To seal the PDMS channel to the substrate it is possible to use plasma 

bonding, PDMS pre-polymers, silane immersion, and ultimately silicone tape. 

These represent a method evolution covered in subsequent chapters, from 

the most common and available method (oxygen plasma) to a more flexible 

process compatible with all other device elements (silicone tape).  

Metal features of different geometries can be deposited using 

photolithography and evaporation. These are entirely compatible with 

subsequent fabrication steps, but forethought is needed to correctly align 

them with other device features, and access them off-chip. 

Where it is anticipated that the sensor may be optical rather than electrical (as 

in the case of SPR) the attachment of metal to substrate requires a ligand 

instead of wetting metal. 

In all cases the device must be rendered sterile before functionalization and 

cell seeding. This precludes some pre-bonding methods as the bond requires 

heat to cure. 

The reagents and other consumables used in this thesis are listed in appendix 

10.1. 
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3 Primary cell culture in microchannels 

 

Although it is commonplace in literature to grow dissociated neural cultures in 

microfluidic devices (Kim et al. 2007a), such devices are not typically intended 

for rapid drug delivery. Consequently the attachment of channel to substrate 

may not be particularly strong and could fail under pressurised liquid flow. To 

ensure a very robust bond between the channel and substrate, it may be 

necessary to use materials and bonding techniques that could prove inimical 

to cell survival. 

A baseline of cell growth under static control conditions needed to be 

established in such devices before adding the complexities of perfusion. This 

baseline includes morphology longevity of the culture, with regard to surface, 

channel volume, cell plating density, and bonding strategy. 

 Design and fabrication of channels 3.1

A drug delivery system that can wash agonist on and off a cell culture within a 

few seconds is required. Ideally the switching time would be under 1 second, 

though this may not be achievable. An in-line delivery method would be far 

too slow, and so an arrangement of two parallel fluid streams, one containing 

agonist and the other purely buffer, is preferred. By altering the relative flow 

rates of the streams while keeping the total fixed, the interface between the 

agonist and buffer can be swept over the culture region. 

The system must ensure a clear distinction between drug and buffer regimes, 

to ensure no inadvertent pharmacological stimulation when in theory only 

buffer should be over the cell region. This requires a very sharp concentration 

gradient. The typical dose-response curve for neuromodulators such as 

dopamine is logarithmic rather than linear. Doses of 4µM or even 0.3µM are 

reportedly sufficient to induce a receptor response (Kebabian et al. 1972), and 

so a contrast of at least 100:1 between the agonist and buffer is desired.  
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Figure 40 A COMSOL modelled channel in cross section (green lines). On the left, a regime 

dominated by diffusive transport is shown. There is no clear distinction between agonist (red at 

100% concentration) and buffer (blue at 0% concentration). On the right, a regime dominated by 

inertial transport has a much sharper transition region. However, in order to ensure that the cells 

(green) only experience drug exposure when it is intended, a distance x between cell region and 

concentration boundary is necessary. This presupposes that cells grow only in one region of the 

channel, which is addressed in later chapters. 

Although advection must therefore dominate in the culture chamber, it is 

important to mitigate the viscous forces exerted on the neural cells. Studies 

indicate that neurons are very sensitive to high shear stress, though there is 

no clear-cut consensus on the optimum range, with some reporting 0.5mPa 

(Kolnik et al. 2012a), and 7.2 mPa (Joanne Wang et al. 2008) while other 

groups report brief flushing regimes of 900mPa (Biffi, Piraino, et al. 2012) 

without cell adhesion failure.  

In addition, it is preferable to reduce the turnover of nutrients and reagents in 

the flowing liquid, and thus the volume of liquid used, particularly for long- 

term experiments that may progress for several days or even weeks (as 

discussed in chapter 1), should be as low as practical. 

These requirements will necessarily conflict, as a flow regime that allows 

rapid, unambiguous agonist delivery will unavoidably perturb the 

microenvironment around the cells. Conversely, minimising this perturbation 

effectively precludes drug delivery on biologically relevant timescales. 
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 Methods ï channel design 3.1.1

There are two independent parameters that can be altered to influence the 

flow regime: i) channel geometry, and ii) externally applied mass flow rate. 

The latter is determined by the perfusion apparatus, and is covered in greater 

depth later. The former is investigated with finite element model (FEM) 

analysis, specifically the multiphysics package COMSOL, to estimate the 

optimal solution before the channel and system are designed. 

3D geometries were designed in Autodesk Inventor and exported into 

COMSOL, with typical parameter values in appendix 10.2. COMSOL 

modelling is used to investigate the interaction between diffusion and 

advection in this chapter, in this case by solving sets of equations for laminar 

flow and for chemical species transport. As described in chapter 1.7.6, caution 

should be exercised in using such software, as an incorrect input will give a 

misleading or even impossible answer, as will too much leniency in the size of 

the element or acceptable residual error. 

For all models, parameters relating to inertial and diffusive phenomena on 

cells were analysed 6µm off the channel floor (as in Figure 41), as this is the 

typical height of a settled neuronal soma (Kuffler, S., Nicholls, J., & Martin 

1984). As the latency (delay of onset relative to the change at the channel 

inlets) of a flow pulse will increase away from the channel inlets, it is assumed 

the culture will be placed around 1mm from the inlets. The culture region 

(Figure 42) is not directly modelled in COMSOL, but the concentration 

gradient across that region is crucial. 
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Figure 41 In a typical COMSOL model, a point of interest (left, red spot) is selected and several 

physical parameters can be observed pertinent to that point. In the case of velocity (right, vector 

field shown), it can be seen that a cell 4-6µm in height experiences comparatively little velocity 

due to the no-slip condition, though shear stress will be higher, due to Poisseuille flow. 

i) Typically microfluidic channel heights are in the region of 100µm or below. 

This is partially due to the relative ease of fabricating moulds for soft 

lithography at such heights, while a channel of such height is also unlikely to 

block or impede transport of particles or cells in solution. For some purposes, 

such as the separation of co-cultures such that only their axons and dendrites 

can make contact (Taylor et al. 2003), the channel heights may be as low as 

2µm, but this is not required here 

100µm is thus taken as the initial height value.  

   

Figure 42 Rendered geometry (x and y) of the channel to be modelled. A region (not modelled) 

0.5mm across is where the cells would be confined. The region is located within 1mm of the 

inlets to minimise latency.  

 2.1 Shear and concentration profile change with flow rate 3.1.2

A fixed geometry with aspect ratio 1:15 was used initially, and inlet flow rates 

were altered across several orders of magnitude. Subsequently the effect of 

altering the height was explored. From this, the channel velocities needed to 

give a steep concentration gradient became clear, and those velocities giving 
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a shallow concentration gradient, or inducing too much shear stress, were 

discarded as drug delivery options for delivery of neuromodulators onto 

primary cells. Note however that we would in theory also like to run at lower 

flow rates and slower drug pulses, and for such ranges the ability to control at 

1nL/s becomes important. 

 2.2 Drug latency  3.1.3

The parallel flow inputs were time-varied, in order to determine the latency of 

boundary shifting in response to altering flow rates. A model of this occurring 

is shown in Figure 43. 

 

 

Figure 43: Transiently switching and then restoring the ratio of inlet flow rates  

In the figure, altering the ratio of agonist (red) to buffer (dark blue) changes 

the position of the interface so that is briefly swept back and forth across the 

channel. As time increases (green arrow) the white circle representing the 

culture region is temporarily exposed to the agonist. This timescale should 

ideally be under 1 second. Note that although the circle here is in the centre of 

the channel, in reality it would need to be closer to the inlets in order to reduce 

the latency.   

 Results of channel design 3.1.4

 Effect of flow rate on shear and concentration gradient 3.1.5

 Shear stress 3.1.5.1

It is expected, given that the operating regime is laminar flow in a Newtonian 

fluid of constant viscosity and density, that shear experienced by the cells will 

increase linearly with flow rate, as both flow rate Q and shear † are functions 

of velocity u. 
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Figure 44 Shear stress (mPa) and velocity (mm/s) increasing linearly with flow rate. These 

values are taken at a single point 1mm from the channel inlet, 0.75mm from the wall and 6µm 

from the floor. The channel cross section is 100µm x 1.5mm, an aspect ratio of 1:15.   

From the model (Figure 44), flow rates exceeding 100nL/s induce a shear 

stress in excess of 20-30mPa, which is the higher end of typically reported cell 

survival regimes. This equates to a velocity (at the cell) of around 0.3mm/s.  

This marks the higher end of the usable range. Shear regimes reported for 

long-term culture of neural cells are  typically under 10mPa (Lee et al. 2005), 

though 500mPa has been reported (Liu et al. 2013), indicating that shear 

alone is not necessarily the best metric for determining longevity. This is 

considered further in later chapters. 

 Concentration gradient 3.1.5.2

As for the shear model, the same analysis point and channel geometry are 

used with a range of total flow inputs (Figure 45). Here the concentration 

differs between the inlets to the channel. One is held at a finite concentration 

of 100µM while the other is zero. The diffusion coefficient of the drug is taken 

to be that estimated for dopamine in free media (Lin et al. 2013) at 37°C, 

around 600µm2/second.  The flow rate inputs do not alter value and are kept 

at a fixed ratio of 1 (agonist) to 9 (buffer). 



Chapter 3 
 

68 
 

 

 

Figure 45 Top: The channel width is shown with the agonist concentration drug inlet (100µM) on 

the left and the buffer (0M) on the right. Resulting concentration gradients 1mm from the inlets 

across several orders of magnitude, and within a sub-range (bottom) are shown. The ratio of 

inlet flow rates drug: buffer is 1:9 here, with the total of Qdrug + Qbuffer shown in the legend. 

When reviewing the concentration gradient, it becomes apparent that anything 

under 10nL/s does not effect a guaranteed 1:100 change in concentration, 

such that the concentration over the central 0.5mm of the channel is under 

1µM in steady state co-flow. 

In fact, the useful ranges appear to between 25 and 100nL/s, for an 

unambiguous transition.  
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 Péclet number analysis 3.1.6

The Péclet number (Pe) is defined as the ratio of molecular transport due to 

advection to molecular transport due to diffusion. If Pe is greater than 1, 

advection is said to dominate, while if it is less than 1 diffusion dominates. 

It can be calculated as the product of the Reynolds number Re (see equation 

8) and the Schmidt number Sc, where 

Ὓὧ       [13] 

such for a given particular liquid ⱨ is the dynamic viscosity, and D is the 

diffusion coefficient of a particular solute. 

Many of these parameters are also expressed in the Reynolds number, so 

that 
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So Pe is the ratio of velocity u to diffusion coefficient D, with a scale factor of 

the hydraulic diameter DH.  

Remember from equation 9 that DH is given by   and thus for a channel of 

width 1.5mm and height 100µm, the hydraulic diameter is 1.875x10-4 m. The 

diffusion coefficient of dopamine is estimated as before as 600µm2/s (Lin et al. 

2013). 

Thus  

╟▄ Ͻ◊  [15] 

For advection to dominate, Pe must exceed 1 and so the minimum u can be is 

3.2µm/s.  

In the channel of cross-sectional area 1.5mm x 100µm this velocity equates to 

a flow rate of 4.8x10-13m3/s, or 0.48nL/s. 

To have advection strongly dominate, Pe must be much larger than 1 (see 

Table 1).  

Q (nL/s) U (µm/s) Pe 

0.48 3.2 1 

25 166.67 52.08 

100 666.67 208.3 
Table 1 Comparison of flow rate, velocity and Péclet number for a specific geometry and 
diffusion coefficient 

Thus for the range of flow rates modelled as useful in COMSOL, a Péclet 

regime of between 52 and 208 is described. 
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 Drug delivery latency 3.1.7

Again the flow rate is tested across several Q values with a co-flow of drug 

and buffer. A data point located 1mm from the inlets and 6µm from the 

channel surface is selected, as before. Here however a change in Qdrug and 

Qbuffer is modelled such that in 1 second the ratios are flipped and reversed 

(see Figure 46 below). 

 

Figure 46 From a steady state 1:9 co-flow, the ratio of inlet flow rates Drug: Buffer is flipped 9:1 

and then back to 1:9 in 1 second. The total flow rate Q never changes. As a result, a pulse of 

agonist (red) crosses the channel and then recedes. At the point of interest (green), the 

concentration change is modelled. 

Based on the range of useful values carried over from the previous section, 

only the values 10-100nL/s are considered here for total inlet flow rate. The 

model runs for 30 seconds to evaluate the concentration change over the 

cells. 
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Figure 47 For 5 different total values of Q (total of drug + buffer), labelled in the figure, the 

concentration change occurring over the green region in Figure 46 is profiled. 

It can be seen (Figure 47) for a value of total Q less than 25nL/s the 

concentration change lags the command by up to 20 seconds and changes by 

only a few nM, while at higher total flow rates, the concentration almost 100% 

of the total possible (100µM) and occurs within 1-2 seconds. 

Thus the flow rate range 30 to 100nL/s is most useful for prompt drug delivery, 

and the high end of this range is most useful for very prompt delivery. In 

theory (see chapter 1) 100nL/s is acceptable to neuronal growth. 

 Fabricating the channels 3.1.8

Due to the intended feature height, which would be difficult to machine, the 

channels were fabricated using the soft lithography technique of PDMS on 

photo-patterned SU-8 100 (see Figure 48 and Chapter 2.5). The SU-8 100 
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was spun to a nominal height of 100 µm, though when measured with a 

contact profilometer this value could be as low as 65µm. 

 

Figure 48 Channels were fabricated in PDMS on SU-8 (A), then the connection lines bored. The 

first configuration (B) of a single inlet is used initially, as it is simpler to load with fluid and 

suspension, and co-flows are not considered at this stage. 

Once cast and cut out, the PDMS channels were bonded with oxygen plasma 

to glass (see methods 2.5.2). The plasma bond is irreversible and should not 

give way when liquid is injected through the channel. 

  

Figure 49 A fabricated channel is imaged in brightfield (left, scale bar 500µm) and fluorescence 

when flooded with fluorescein in PBS (right, scale bar 1mm). 

The channels were tested by injecting co-flows of water and fluorescein (0.1% 

concentration w/v in Phosphate Buffered Solution, PBS) at syringe flow rates 

up to 1mL/minute, without the plasma bond delaminating or leakage from the 

channel (Figure 49).  

Although ultimately a 2 inlet channel will be necessary for parallel laminar 

flows, initially a simpler geometry of 1 inlet is used. This has no effect on the 

shear experienced 1mm inside the channel.  

An alternative approach of xurography (Figure 50 chapter 2.5.5) was 

employed such that a silicon adhesive no more than 125µm high could be 
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used to form not only the bond but the wall of the channel, as the adhesive 

was double sided and could bond effectively to both glass and PDMS without 

the need for surface activation.  

 

Figure 50 Assembly sequence for a silicone tape microfluidic channel 

 Interfacing with an MEA 3.1.8.1

Ultimately it is intended that the neurons should be interrogated with Surface 

Plasmon Resonance (SPR) rather than spike sorting. It is intended to confine 

cells to a tight <1mm region within a channel of the dimensions arrived at 

above. 

The MEA currently represents the most effective method for detecting 

electrical activity of cells, however, and so cultures and channels will need to 

interface with it as an interim solution. 

In order to fully utilise the 60 electrode array it is necessary to increase the 

width of the channel beyond the array width of 1.4mm. The channel should be 

long enough to cover the entire MEA array and the reference electrode. 

Therefore it should be at least 2-3mm wide and at least 6-7mm long (Figure 

51).  The microfluidic channel geometries considered so far would not be 

compatible with this. 
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Figure 51 Image of the MEA showing the distance to the ground electrode, and thus what 

minimum dimensions a channel will need to have. For co-flow experiments involving an array of 

this size with a reference electrode so distant, the channel will need to be wider, or the cells 

confined to only a sub-region of the full array, in order that some cells are not continually 

exposed to the agonist. 

The plasma bond cannot necessarily be used to affix a channel to the MEA 

surface. As the MEA is not a disposable substrate, an irreversible bond is a 

hindrance, since the MEA will be re-used and any cell or ligand residue will 

need to be cleaned back before re-applying ligand.  

Accordingly, an alternative method of affixing the channel to the MEA was 

devised. A cruder millimetric mould was machined to provide a much larger 

cross section.  

It was anticipated that the channel might need to be pressed down on to an 

existing neural culture on the MEA in order to obtain the high density cultures 

usually grown on such arrays; in such a case air bubbles might be trapped 

which would kill cells.  

To prevent this, the channel height is increased to 1mm. This requires a 

machined metal mould rather than photolithography (see Figure 52).The 

channel length remained 10mm so that the reference electrode is included. 
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Because drug delivery is of the culture is not considered at this stage, there is 

no need for more than one inlet to the channel this device is used as a test-

bed for static culture at different cell plating densities, and can also be used a 

potential test-bed for continuous perfusion, while evaluating the electrical 

response via the MEA. 

 

Figure 52 The machined millimetric mould (left) and a cast PDMS disk (right) with access ports 
punched. Note the rim at the base, which permits the PDMS to form a complete seal with the 
glass surface without clashing with the glue used to bond the glass ring to the glass plate. See 
appendix 10.4.3 for dimensions. 

The moulds were made before it was discovered the standard glass ring 

affixed to an MEA plate is not necessarily placed completely centrally, being 

offset from the centre of the array pattern by several hundred microns in some 

cases; and thus a 1.5mm wide channel pressed down into the ring might not 

cover all of the electrodes. A 3mm wide channel was sufficiently wide to 

ensure all electrodes were covered (Figure 53). 

 

Figure 53 MEA (left) with a PDMS channel attached (right). The channel edge is a vertical line to 

the right of the array. Scale bar 200µm. 

 Design Conclusions  3.1.9

A channel geometry intended for a particular flow rate range has been 

designed and built according to the drug delivery requirements. A separate 
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channel geometry intended for test bed culture analysis on MEAs was also 

fabricated.  

 Biocompatibility of surfaces, and plating density 3.2

Before undertaking in vitro culture in enclosed microchannels, it is first 

necessary to get a benchmark of how primary neural cells grow in vitro on 

open surfaces under large, unperturbed media volumes. Without a measure 

of healthy, typical development on the chosen ligands, it is not possible to 

isolate the effect of the microchannel and later perfusion. Initially, entire 

coverslips and MEA wells, uniformly coated, were plated and cell 

development noted. Simple gold patterns were then generated on glass to 

establish that there would be no toxicity arising from photolithographic 

processes. 

 Open surfaces (coverslips without channels) 3.3

 Positive control (healthy cultures)  3.3.1

19mm glass coverslips as received were heat sterilised, and functionalised 

with Poly-L-Lysine. 500µL of primary neural cell suspension at density 150 

cells per µL were pipetted onto the surface. This quantity on a 19mm diameter 

coverslip equates to 265 cells per mm2. 2mL of fresh Neurobasal media 

covered the coverslip in a well plate. The cells were Brightfield imaged at time 

points up to 14 div.  

 Negative control (unhealthy cultures) 3.3.2

Cells were plated as before onto sterile glass with no functionalization. As 

there is no pre-existing extracellular ligand, it is expected that most or all cells 

will die within 24 hours of plating. 

 Plasma treated glass 3.3.3

Before PLL functionalization, the coverslip was exposed to oxygen plasma, as 

this will be necessary for plasma bonding of the glass to a PDMS 

microchannel. The effect of this exposure, as well as subsequent immersion in 

Neurobasal media prior to functionalization, was investigated. Cells were 

plated as before. 
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 Gold control surface 3.3.4

Ultimately the cells will need to grow on gold surfaces for electrode or SPR 

analysis. Gold coated coverslips were functionalised with AUT, and plated as 

for the glass: PLL surfaces with equivalent cell suspension densities.  

 MEAs as surface 3.3.5

Silicon nitride/titanium nitride micro-electrode arrays (Multi Channel systems), 

were functionalised with PLL and plated with a higher density cell suspension 

(>300 cells per µL). This is deemed necessary to ensure enough cells will be 

close to the electrodes for electrical recording. 

 Results of Surface compatibility  3.4

 Positive Control: PLL on glass 3.4.1

The simplest culture is PLL on cleaned glass, at a density comparable to 

literature (250 cells per mm2) in Neurobasal kept undisturbed in an incubator. 

There are no complications due to processing of the glass for bonding or 

metal evaporation, or due to reduced culture size or plating density.  

 

Figure 54 Positive culture control: Primary hippocampal cells grown on PLL treated coverslips at 

150 cells per µL, which here becomes 330 cells per mm
2 

(counted with ImageJ). Time points 

shown at 1 div (24 hours after plating, 7 div, and 28 div. Scale bar 100µm.  
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On the positive control surface (Figure 54), cells settle and form dense 

networks with very few dells dying. Although there is some fasciculation with 

age, there are no regions which the cells actively avoid. The ability to visually 

discriminate an individual neuron in a planar culture in bright-field is lost 

around 7 div. Cultures can carry on indefinitely.  

 Negative Control: no ligand 3.4.2

Conversely, it is useful to establish what a surface incompatibility issue looks 

like. Cleaned glass coverslips were plated directly with the same suspension 

density and no ligand.  

  

Figure 55 Cells plated on surface with no ligand (1 div and 2 div, scale bar 100µm). Note that 

cells very quickly begin to cluster and individual soma are not as spread out as for the positive 

PLL control.  

Where no ligand is provided for cell adhesion, the cells cannot settle and 

remain in a globular form instead of flattening out (Figure 55). Although some 

axonal connections are formed, these are very sparse and often and do not 

survive long. Within 48 hours the culture is mostly dead. Where this behaviour 

is seen in further experiments, it indicates ligands have not been laid down 

correctly. 

 Plasma treatment and its effect on PLL deposition  3.4.3

The oxygen plasma treatment was observed to have a significant effect on 

subsequent deposition of the PLL ligand. 



Chapter 3 
 

79 
 

  

Figure 56 PLL was deposited on recently plasma treated glass, before plating at the usual 

density. Scale bar 100µm. Images taken at 1 div (left) and 7 div (right). 

Clearly evident (Figure 56) is the tendency of the cells to join their axons into 

thick cables, while avoiding some areas of the glass. This fasciculation 

behaviour is indicative of heterogeneity in the ligand coverage, which is 

assumed an effect of the plasma treatment interfering with subsequent PLL 

deposition.   

 Plasma recovery and PLL 3.4.4

To overcome the effect of the plasma treatment, an intermediate step was 

tested where the channel is flooded with Neurobasal media for several days 

before flushing out with distilled water and deposition of the PLL. 
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Figure 57 After plasma exposure, the glass was immersed in Neurobasal media for 1 week, 
before being rinsed and dried. PLL was then deposited as usual. Top left: control at 1 div, top 
right: recovered surface at 1div. Bottom images both at 7 div. scale bar 100µm.  

The effect of the plasma treatment was negated by immersion órecoveryô in 

the Neurobasal culture media (Figure 57). This rendered the surface suitable 

for subsequent PLL deposition, with no significant increase in fasciculation.  

 Control: Gold and AUT 3.4.5

As described in chapter 2, gold surfaces were functionalised with AUT and 

cells grown on the surfaces (Figure 58). Their morphology is compared with 

similar glass: PLL cultures. 
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Figure 58 Comparison of gold and glass control surfaces. Although plated at the same nominal 
density, the glass cultures (left figure at each time-point) fasciculate more over time, while the 
gold cultures (right figure) appear more homogeneous. Scale bar is 100µm. 

From the figures cells plated at similar densities (150-300/µL) on a large gold: 

AUT region are no worse than cells grown on glass: PLL (see previous), and 

are arguably better in terms of homogeneity. Cells were plated onto the AUT 

ligand within 12 hours of removal from the AUT solution. 

 Cells on MEAS (no channel) 3.4.6

Cells were plated on to MEA surfaces coated with PLL (Figure 59). As these 

substrates are re-used after each culture, the cells, ECM and ligands must be 

removed to leave a clean surface for the next culture. Detergent (Decon 90) is 

used to remove the biological debris, before processing in an autoclave 

(121°C) which sterilises the MEA but does not necessarily remove adhered 

material.    
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Figure 59 Neural culture growing on PLL in a MEA well. The plating density is double previous 

(500 cells/mm
2
). At 1 div (left), the culture appears healthy and homogeneous, while at 7 div 

(right) fasciculation is clear. Scale bar 100µm.  

Consequently it is possible for the next PLL layer to be heterogeneous, and 

this may be the cause of the observed fasciculation at 7 div. Cells are typically 

plated at higher density on MEAs to increase the number of connections and 

cells near an electrode, improving the chances of recording network activity. 

This is considered more important than clear imaging.  

Large gold area extent 

Two simple gold patterns were used in order to determine the effect of gold/ 

glass boundaries on neural culture growth. The first pattern is a by-product of 

the gold evaporation protocol (Figure 60): during the process the coverslips 

must be secured to the ceiling of the thermal evaporation chamber. Rare 

earth magnets are used to secure the glass to the underlying metal ceiling at 

the coverslip edge, and occlude the glass there. Consequently there are 

regions of uncoated MPTS after evaporation, which are stripped back to the 

glass during the plasma step that precedes AUT deposition.   
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Figure 60 Region of glass on which gold was never evaporated, due to the rare earth magnets 
that covered that part of the glass. At 12 div, it is possible to see both the glass region (left) and 
the much larger gold region (right). Image contrast was altered from the original to emphasise 
each region. The difference in cell adhesion is obvious. Scale bar is 100µm. 

The uncoated regions represent only a small peripheral percentage of the 

coverslip area, so the majority of plated cells will either migrate to the much 

larger biocompatible AUT region, or die in situ. At 12 div, there is nothing 

living left on the glass, while the gold region is indistinguishable from a gold 

region elsewhere on the coverslip.  

 Surface compatibility Conclusions 3.4.7

On PLL and AUT, cells grow as expected with no evident pathological growth. 

The surfaces and processes used do not in themselves cause cell death, 

provided that the functional surfaces (PLL and AUT) are correctly laid down. 

The culture will die or fasciculate when the surface is not favourable.  

 Growth and activity in channels 3.5

Having independently checked the effect of materials and fabrication 

processes, neural cells were then cultured in microchannels, fabricated as 

described previously.  

 Methods 3.5.1

 In millimetric channels (MEA and glass substrates) 3.5.1.1

Millimetric channels were cast and prepared as outlined previously, then heat 

sterilised (160°C oven for 1 hour). The channels were then integrated with 

standard MEA arrays in one of two ways, to determine how different the 

culture plating density and development would be. 
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i) Pressed down onto wetted cultures.  

A press-fit mechanism is used to push the PDMS plug (19.2mm diameter, see 

appendix 10.4.3) into the MEA well, which is provided with the MEA as an 

attached glass ring of 19mm internal diameter and 6mm high. Here the plating 

is prepared as for an open MEA culture, then after 1 div the channel is 

pressed down on top of the wetted, partially formed cell network (Figure 61). 

An anticipated issue here is that the cells caught under the PDMS (over 90% 

of the culture area) may do one of two undesirable things: a) die en masse 

and release metabolites associated with traumatic death, which would have 

an influence on the otherwise healthy cells growing in the channel 

b) The cells under the PDMS will continue to survive, if not optimally, and 

exert an influence on the cells in the channel which cannot be quantified. 

In addition, the wetted area under PDMS can be source of leakage during 

liquid replacement, and would be inadvisable for perfusion. 

However, this approach is functionally identical to how cells are normally 

plated done on MEAs sans microchannels as in the previous section, and 

implied the overall plating density should be comparable. It was not known at 

the time if a higher suspension density infused into a channel in situ would be 

equally effective. 

 

Figure 61 PLL or Laminin is deposited (A) in the MEA well, as for a coverslip. After 1 hour it is 
washed off. The cells are plated at so-called ódoubleô suspension density (500uL of 300/µL), 
which results in a plating density of  >500 cells per mm

2
 and 2mL of Neurobasal is added (B). 

After 1 hour for cells to settle on the ligand, the millimetric PDMS channel is pressed down onto 
the culture. 

ii) Pressed down onto PLL functionalised MEA surfaces 

Here the PLL ligand is laid down as for an open culture, then the PDMS 

channel is pressed into the well, and then cell suspension is added at 

1000cells/µL to improve the chances of an electrically excitable cell being 
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present near an electrode (Figure 62). With this method there are definitely no 

cells outside the channel.  

 

Figure 62 (A) PLL is deposited as before, but the channel is pressed onto the glass (B) before 

cells are plated. A different suspension density is needed when plating (C) in order to attain the 

desired plating density of 500/mm
2
. 

iii) Millimetric channels were also plasma bonded to glass coverslips. Here 

after the bonding step, media was flooded into the chamber to recover the 

surface described in section 3.4.4. PLL was loaded and left for 1 hour to 

functionalise the glass before it was flushed out, and then the cell suspension 

was added. This protocol is identical to that used for a microchannel (see 

Chapter 2.6). This method of bonding was used to determine if the bonding 

process employed had more influence on subsequent cell growth than the 

substrate used or the channel dimensions. The suspension density used was 

the same as for the MEA method ii) above. 

 In microfluidic channels, MEA and glass substrate 3.5.1.2

The effect of reducing the culture size by using the microchannel dimensions 

(1.5mm x 100µm) was investigated. The channel was bonded to a so-called 

óflatô MEA without the 19mm ring, then flooded with media and PLL 

functionalised as before (Figure 63). 
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Figure 63 A) A standard MEA has a microchannel bonded over it B) using oxygen plasma. Media 

is flushed into the formed channel and incubated for several days to recover the surface. PLL 

(blue) is drawn through the channel C) with a syringe and incubated for at least 30 minutes. B) 

After thorough flushing of the channel with deionised water, buffer solution (pink, D) is added. 

Cell suspension is drawn through similarly, and settled for 30 minutes before flushing to remove 

non adhering cells. 

The same procedure was also routinely carried out on disposable glass 

coverslips (Figure 64). 

 

Figure 64 As for plasma bonding to MEA, but on a glass coverslip. Again the device is recovered 

in media for some days before PLL coating. 

Thus a set of channel conditions (channel size, and method of attachment) 

are possible for glass and MEA substrates. 

 On gold region (whole channel) 3.5.1.3

Since gold cannot bond to PDMS directly using oxygen plasma, a limited 

region (stripe) of gold is patterned, with sufficient PDMS contact with glass to 

ensure a bond. This stripe (2mm x 10mm) is formed using the BPRS gold 

methods described. 



Chapter 3 
 

87 
 

Attachment of the channel over the gold with plasma was done 2 ways: 

i) Bond the channel and then flush through AUT solution (Figure 65), 

and immerse for 18 hours. The channel is rendered sterile during 

the AUT solution immersion. 

 

Figure 65 Gold (A) and AUT in channel, formed by creating the channel with plasma bond (B) and 
functionalising the channel afterwards (C). 

ii) Coat the gold with AUT, then protect the gold region with a block of 

PDMS (Figure 66) during plasma activation of the glass and PDMS.  

 

Figure 66 Gold and AUT (A) are plasma bonded (B) with the gold region protected by additonal 
PDMS. The resulting channel (C) is ready for media and cell suspension.   

In the latter case, the PDMS is assumed sterile due to the plasma exposure, 

and the glass assumed sterile due to the ethanol treatment. 

 Using a stamp and stick approach 3.5.1.4

This is based on the method reported by (Samel et al. 2007), and described in  

methods 2.5.3. The pre-polymer is used to attach bulk cured PDMS to a glass 

surface, without plasma activation. This means the process of plasma 

recovery is no longer necessary. 

 Using the tape bond method 3.5.1.5

It is preferable that ligands should be deposited before the channel is 

assembled, and this priority conflicts with plasma bonding. Consequently, an 

alternative approach of xurography was employed (see previous Figure 50), 

such that a silicone pressure sensitive tape no more than 125µm high could 

be used to form not only the bond but the wall of the channel. The adhesive 

tape was double sided and could bond effectively to both glass and PDMS 

without the need for surface activation.  
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 Results 3.5.2

 Millimetric channels 3.5.2.1

i) Wetted culture: Cells are plated at a density of 1000/µL and incubated for 

1 day. The channel is then pressed down into the MEA well (as for Figure 61 . 

Cells in the channel grew normally up to 7 div (Figure 67), indicating the 

channel does not impose a drastic change in environment. 

 

Figure 67 A millimetric channel was pressed down onto a uniformly plated culture; the vertical 
line (blue) is the channel edge. Note the cells visible under the PDMS, some of which appear 
unaffected and still alive after 2 div. Scale bar is 200µm in both images. 

Air bubbles were often trapped in this process but because of the channel 

height were not brought into contact with the cells. After several days the 

bubble diffused out through the porous PDMS.  

Cells under the PDMS outside the channel region evidently did not die off, 

implying the seal between PDMS and glass is not watertight. This means that 

there is now a considerable network of surviving cells that are not only 

inaccessible to the electrodes but also experiencing a different 

microenvironment, and these cells are influencing the cells that can observed 

on the electrodes. It also means that a watertight means of securing the 

channel to the MEA is needed. 

iii) Aspirated culture on coverslip  

Plasma bonding was used to seal a millimetric channel to a disposable glass 

coverslip (as for method used in Figure 63, but with a larger channel). The 
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channel was flooded with media for 1 week to recover the surface, then PLL 

was flushed through before plating at a high volume density (1000 per µL) 

 

Figure 68 Cultures growing in 2 different channels  formed of a millimetric device plasma bonded 
to a coverslip, plated at (10

6
 cells /mL). At 1 div, the plating density is around 300 per mm

2
. Scale 

bar is 100µm. 

As seen in Figure 68 this creates networks of comparable plating density to 

control coverslips, so that a plasma bonded channel of this size has no 

reduction in cell survival performance. 

 Micrometric plasma bonded PLL on coverslips and MEAs 3.5.2.2

Having established that the cells could grow successfully in a larger channel 

using plasma bonding, it is preferable to reduce the channel volume in 

anticipation of the geometries that will be necessary for rapid drug delivery. 

Channels of 100µm x 1.5mm were plasma bonded to both glass (Figure 69) 

and an MEA (Figure 70), recovered in Neurobasal, and flushed with PLL as 

described in section 3.5.1.2,  before plating with the same order of magnitude 

volume density used in the previous section, (less than 1000 per µL).  
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Figure 69 Images of cultures grown at low density (150/µL) in a channel bonded to a coverslip. At 
1 div the plating density is clearly sparse (<150/mm

2
) and by 14 div the fasciculation is extreme. 

Scale bar 200µm. 

 

Figure 70 The channel (0.1mm x 1.5mm x 6mm) was plasma bonded to an MEA with no glass 
ring. The MEA surface was reversed with media immersion before PLL deposition. Cells were 
plated into the channel at density 150/µL, which become 144/mm

2
. Although the plating density 

is sparse, at 5 div there is no noticeable fasciculation, as all areas of the glass have neural 
processes growing upon them. However, by day 35 considerable fasciculation is evident. Scale 
bar is 200µm. 

The plating density observed was considerably lower than before. This is 

believed to be due to the reduced height, so that fewer cells are present in the 

volume above the same area when dropping out of suspension. The 

development of such cultures is clearly less optimal, with strong fasciculation. 

As the cells do not die outright, and the ligand deposition process was 
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identical to that of successful cultures in larger channels, it is inferred that the 

density of cells per mm2 must exceed a certain threshold for optimal culture. 

 The effect of increased suspension density  3.5.2.3

  

Figure 71 A microchannel plated with volume density 4k/µL on an MEA, leaving a plating density 

of around 600/mm
2
. Left 5 div, right 10div. Scale bar 200µm.  

   

Figure 72 At 2 div, Plasma bonded microchannels on coverslip with volume density 8k/µL. This 
results in a plating density of around 400 cells/mm

2
. Scale bar 100µm. 

By greatly increasing the volume density to above 8000 per µL, it is possible 

to recreate the necessary plating density. The cells now grow normally on 

both MEAs (Figure 71) and glass (Figure 72). 

 Using the stamp and stick method 3.5.2.4

High density plated (600 per mm2) cultures were grown in channels formed by 

pre-polymer bonding. PLL had been flushed through the channel following the 

bonding treatment (100°C hotplate for 2 hours). Although the plating density 

was sufficiently high, the neurons rapidly fasciculated (Figure 73). This may 

have been caused by unbounded oligomers in the pre-polymer, which are 

known to be toxic to neurons (Lovchik et al. 2011). 
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Figure 73 Primary neural cells grown in a polymer bonded microchannel at 5k/µL, giving a 
plating density of 625/mm

2
. At 7 div, severe fasciculation has occurred and many cells are dead. 

Scale bar 100µm. 

Thus although this method does not require recovery from plasma and might 

have been useful for post-bonding with patterned surfaces, it appears to be 

cytotoxic when used with primary neurons and thus cannot be taken further. 

 Tape bonded channels 3.5.3

The xurographic approach (Bartholomeusz et al. 2005) was tested with 

silicone tape as an alternative bonding method. Cut geometries 125µm high 

and 2mm (Figure 74) across were incorporated into devices as previously 

described. 

 

Figure 74 A xerographic channel geometry as used for cell culture. 
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Cells grew well in the channels at high densities (Figure 75) with no ill effects 

such as seen for the pre-polymer, indicating there is no toxicity issue with the 

tape. 

  

Figure 75 Cells plated onto a PLL surface in a channel formed using the tape bond method. 
Scale bar 100µm. Left of each image; 4000/µL and right of each image, 8000/µL. 

One of the key advantages of this approach is that the PLL can be laid down 

uniformly on the substrate followed by post-bonding (Figure 76), since the 

silicone tape is self-adhering and does not require a plasma or heat process 

which would destroy the ligand. 

  

Figure 76 Images 8 div high-density (12k/µL) cultures of the bond before PLL method (left), and 
culture of  the PLL before bond method (right). Scale bar 50µm. 

Cells were grown at channels with both pre-bonding and post-bonding 

techniques, and the resulting cultures are indistinguishable. 
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 Plating density in a planar channel 3.5.3.1

To match the coverslip plating density in a microfluidic channel of typically 1µL 

volume, and plating area of <15mm2, the volumetric density was required to 

be no less than 4000 cells in 1µL (4x106 cells/mL). Table 1 summarises the 

expected volume density needed to achieve equiavalent plating densities in 

different geometries, while Table 3 shows the actual counted plating densities 

in some tape devices. 

Culture type Plating 
density/mm2 

Plating 
area, 
mm2 

Cells 
required 

Volume 
available 
(µL) 

Volume 
density/µL 

Single c/s 250 284 75,000 500 150 

Double c/s 500 284 150,000 500 300 

Double 

MEA 

500 284 150,000 500 300 

Single milli 250 25.5 6375 25.5 250 

Double milli 500 25.5 12750 25.5 500 

Single micro 250 9 2250 0.9 2500 

Double 

micro 

500 9 2250 0.9 5000 

Table 2 An estimate of the volumetric suspension density needed to obtain equivalent plating 
densities in all culture type, based solely on area and volume considerations.  

GLASS 

PLL 

Suspension 

density 

Plating 

expected 

Plating true mean, 

Counted in 0.65x0.65 mm2 

Actual 

fmean / 

mm2 

Double 300/µL 560/mm2 315 745 (1) 

Single 150/µL 280/mm2 76, 104, 141 253 (3) 

Channel 8k/µL <280 169 400 (1) 

Channel 12k/µL 280<x<560 219 518 (1) 

Channel 16k/µL >560 375 887 (1) 

Table 3 Comparison of predicted and actual plating density in high density tape channels  

The actual density is usually equal to or more than was anticipated per mm2. 

 Gold surface channels 3.5.4

In parallel with the glass cultures, the combination of a gold surface and 

ligand, and a microchannel was investigated. Initially the bond used was 
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oxygen plasma. As the AUT is dissolved in ethanol for surface deposition, this 

had implications for the formed plasma bond. 

 Pre-bonding: plasma bond then AUT  3.5.4.1

This approach is that described in Figure 65, where the surface is 

functionalised after bonding.     

 

Figure 77 The PDMS channel was plasma bonded over the gold untreated surface. AUT was then 
deposited by injecting solution (300/µL) into the channel (boundary visible on the right). Scale 
bar 200µm 

Delamination issue 

This approach was fraught with technical difficulties. The ethanol immersion 

appears to severely the plasma bond, as 7 of the 8 devices tested 

delaminated and fell apart in subsequent flushing steps. They could not be 

used for cell culture. The remaining culture (Figure 77) proved highly cytotoxic 

as all cells died immediately, and this may have been due to ethanol lingering 

in the PDMS. 

Ligand deposition and cell survival 

The use of oxygen plasma permits the gold to be activated, but the plasma 

exposure time is reduced (since the principal objective is to bond), and a finite 

time (1 hour at 60°C) elapses before flushing the AUT solution into the 

channel. This is likely to have a pronounced effect on the gold: AUT bond, in 

comparison with the deposit then bond approach. 
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 Post-bonding AUT then Plasma Bond   3.5.4.2

For both logistical and biological reasons it is therefore preferred to adopt the 

alternative approach (Figure 66) where all functionalization in ethanol is done 

before bonding the channel 

 

Figure 78 The AUT ligand was deposited and then protected during subsequent channel bonding 
to the substrate. Neurons were plated at 4k/µL and images taken (scale bar 200µm) 

Four such channels were fabricated, and  4 channels bonded correctly with no 

delamination following the media and cell suspension flush. The cells survived 

initially (Figure 78) but fasciculate and died off over time (< 7 div).  

 Tape bonding after AUT 3.5.4.3

The tape geometry used for glass and PLL was also used here (Figure 79), 

with an appropriately high plating density (8k/µL).  

  

Figure 79 Cells grown on AUT in a silicone tape channel.  Cells were plated at 8k/µL. Left 1 div, 
and right, 7 div. Scale bar 50µm. 
























































































































































































































































































































































































