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Abstract
The application of microelectronic and microfabrication tools to biology has opened vast new fields of
study. While the interface between cells or biomolecules, and electrodes remains challenging, the
opportunities for making interesting, and important contributions propel us to confront these challenges
and make new discoveries.
This thesis describes the implementation of two different bio-electrochemical interfaces onto
two different CMOS microelectrode array chips. The first implementation is an electrochemical label-free
DNA hybridization sensor on a 576-electrode array chip capable of doing three-electrode electrochemical
measurements, which was intended as a point-of-care device. The second implementation is an axonal
isolation device made of polydimethylsiloxane (PDMS), which guides the growth and amplifies the signals
of neuronal processes growing along the surface of an 11,011-electrode array capable of reading out
extracellular action potentials with subcellular resolution. Both chips were designed in our group.
The DNA hybridization sensor was based on immobilization chemistry developed by
collaborators, and involved a four-step electrochemical deposition process in order to attach single
stranded DNA oligonucleotides to the chip electrodes. Pyrrole was electropolymerized onto the
electrode, to create the conducting polymer polypyrrole, which served as the transducer for the sensing
event. A novel polymer, TPTC11-PO3, was developed as a linker, and was electropolymerized onto the
polypyrrole. Mg2+ ions were then electrostatically attached to the phosphate groups on the TPTC11-PO3,
and formed the bond between the polymer and single stranded DNA molecules. Cyclic voltammetry was
used to detect the presence or absence of hybridization. The excess negative charge associated with
double stranded DNA modulated the movement of negatively charged ions in the electrolyte into and out
of the polypyrrole, thus causing a decrease in the measured current, compared to single stranded DNA.
The CMOS chip, so-called the DNAchip, featured 24x24 working electrodes that could be
connected, column by column, to 24 potentiostatic readout circuits that digitized the current while
keeping the electrodes at a fixed voltage, as well as on-chip counter and reference electrodes. Two thirds
of the digitization circuits were sigma-delta converters, which utilized the electrode-electrolyte interface
as a circuit element. Connected to a small field programmable gate array, used for chip control, and
powered by a laptop via its USB connection, the entire system was compact and mobile.
Adaptation and transfer of the electrochemical immobilization and detection techniques onto the
DNAchip was challenging for a variety of reasons. The method of packaging the chip to protect circuitry
from fluids proved incompatible with electrochemical measurements and had to be modified. Controlled
electropolymerization of conducting and non-conducting polymers was not reproducible, adhesion of
deposited layers was not robust, and polymerized layers were not electrically stable over time. The
complexity of the system made it difficult to troubleshoot. New packaging schemes as well as passive
chips that required an external potentiostat were developed, and these enabled some successful
measurements to be made.
The PDMS axonal isolation device was designed to guide the growth of axons and amplify the
propagating signals, thus enabling readout of single spikes with high signal to noise. Devices were
designed to be compatible with the HiDens chip, a high-density microelectrode array featuring 11,011
electrodes, spaced at a 17 m pitch, that enabled readout of subcellular signals from electrogenic cells,
such as neurons. Featuring a switch matrix underneath the electrode array, the 126 readout channels
could be reconfigured in 1.4 ms so that any electrode on the array could be read out or stimulated, while
maintaining very low noise levels.
Several different designs were created for the PDMS device, all of which comprised two
chambers for cell culture and long, thin channels in between into which only neuronal processes could
grow. Chamber size and channel width and length were varied. An efficient method of bonding the PDMS
piece to the HiDens chip was developed, as was a new packaging scheme using PDMS to passivate the
electronics from the cells and culture medium. Embryonic rat neurons were plated into culture chambers
so their axons could grow through the 500 – 950 m structures. The cells in the two culture chambers
formed networks that communicated synaptically with one another through the channels. Somas could
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be correlated with their axons using both spontaneous spiking as well as stimulation near the soma via
the multielectrode array.
Distinct complex spike shapes were observed in channels, which could be attributed to individual
cells. A main merit of these isolated and aligned axons was the reproducible recordings of large
characteristic spikes. In the short term even complicated shapes were highly consistent, while in the long
term the changing patterns could be attributed to maturation of the culture. Axonal branching was
responsible for the complex spike shapes. Linear superposition of two spike shapes that resulted from the
stimulation of two different cells was shown to reproduce the expected complex spike. Even though
many axons grew into a single channel, their signals could be resolved and assigned to individual cells,
whose somas lay outside of channels.
Stimulation of neurons at various frequencies ranging from 10 Hz to 160 Hz showed that axons
modulate action potential propagation as stimulation frequency and the number of stimulations
increased. All neurons that were stimulated showed the same type of response: spike size decreased,
spike width increased, and latency increased as propagation slowed down. These effects were dramatic,
resulting in spike heights that were a fraction of their original size, and sometimes resulted in
propagation failures along the axon. The frequency at which the effects became significant varied across
the cohort of cells that was studied, and may be related to the spontaneous spiking characteristics of the
cell. Some effects were seen along multiple axonal branches belonging to a cell, while other effects were
differential, manifesting differently along one branch than the other. Experiments performed in medium
with different ion concentrations demonstrated the dependence of propagation on potassium
concentration: lower concentrations caused failures to occur earlier and at lower frequencies while
higher concentrations enabled propagation at higher frequencies.
The implementation of the axonal channel device on the HiDens chip proved to be a successful
method to study the properties of axons. The device is well-suited to studying axonal information
processing and ephaptic coupling as well as isolated synaptic interactions between specific cell types.
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Zusammenfassung
Die Verwendung mikroelektronischer Sensoren und Techniken der Mikrofabrikation in der biologischen
Forschung hat zahlreiche neue Forschungsfelder eröffnet. Auch wenn die Kombination von biologischen
Materialien wie Zellen, Proteinen und DNA mit elektronischen Bauteilen eine große Herausforderung
darstellt, bieten dieses Gebiet die Möglichkeit, neue, interessante und wichtige Entdeckungen zu
machen.
Die vorliegende Arbeit befaßt sich mit der Entwicklung zweier bio-elektrochemischer
Sensoroberflächen und deren Verwendung auf zwei unterschiedlichen CMOS-Mikroelektrodenarraychips.
Im ersten Teil beschreibe ich einen elektrochemischen DNA-Hybridisierungssensor zur markierungsfreien
Detektion von DNA. Der Sensor umfasst ein Array mit 576 Elektroden und wurde als „Point of Care“-Gerät
entworfen. Im zweiten Teil der Arbeit beschreibe ich eine Mikrosensorstruktur zur Verstärkung
extrazellulär abgeleiteter Signale von Neuronen. Die Struktur besteht aus Polydimethylsiloxan (PDMS)
und ermöglicht die Isolation und ein gerichtetes Wachstum von Axonen auf einem Elektrodenarray mit
11011 Elektroden, welche die Messung von Aktionspotentialen mit subzellulärer Auflösung ermöglichen.
Beide Chips wurden in unserem Labor entwickelt.
Der DNA-Hybridisierungsensor basiert auf der elektrochemischen Immobilisation einzelsträngiger
DNA-Oligonukleotide auf den Elektroden des Chips. Die Immobilisationsmethode umfasst einen
vierstufigen elektrochemischen Abscheidungsprozess, welcher von einem Partnerlabor entwickelt wurde.
In der ersten Stufe wird Pyrrol durch Elektropolymerisation als leitfähige Polypyrrolschicht auf den
Elektroden abgeschieden. Diese Schicht dient der Übertragung des detektierten Signals an die Elektroden.
In der zweiten Stufe wird ein neuartiges Polymer, TPTC11-PO3, durch Elektropolymerisation auf der
Polypyrrolschicht abgeschieden. TPTC11-PO3 dient als Adaptermolekül zwischen der Polypyrrolschicht
und den einzelsträngigen DNA-Oligonukleotiden. Die elektrostatische Bindung von Magnesiumionen an
die Phosphatgruppe von TPTC11-PO3 in der dritten Stufe des Immobilisationsprozesses ermöglicht die
Immobilisation einzelsträngiger DNA-Moleküle auf der Sensoroberfläche. Zur Detektion von
Hybridisierungsvorgängen zwischen Proben-DNA-Molekülen auf der Sensoroberfläche und DNAMolekülen in der Analytlösung wird zyklische Voltametrie verwendet. Die Bildung eines doppelsträngigen
DNA-Moleküls führt zu einer erhöhten Konzentration negativer Ladungen auf der Sensoroberfläche,
welche die Verteilung mobiler Ladungen in der Polypyrrolschicht verändert. Die Hybridisierung eines
DNA-Doppelstranges auf dem Sensor führt dann zu einer Verringerung des zu messenden Stroms an der
Elektrode.
Der sogenannte „DNA-Chip“ besitzt 24x24 Messelektroden, welche spaltenweise mit 24
Schaltkreisen zur potentiostatischen Auslesung verbunden werden können. Die Schaltkreise zur
potentiostatischen Auslesung digitalisieren den Messstrom und halten die Messelektroden gleichzeitig
auf konstantem Potential. Des weiteren besitzt der Chip eine Gegenelektrode und mehrere
Referenzelektroden. Die Schaltkreise zur Digitalisierung des Messstromes bestehen zu zwei Dritteln aus
Sigma-Delta-Konvertern, welche die Eletrode-Elektrolyt-Grenzfläche als Schaltmodul nutzen. Durch die
Verwendung eines USB-betriebenen Field Programmable Gate Arrays zur Steuerung des Chips ist das
Messsystem kompakt und mobil.
Die Verwendung elektrochemischer Immobilisations- und Detektionsmethoden in Verbindung
mit dem „DNA-Chip“ war in mehrerer Hinsicht eine Herausforderung. Die Methode für das Chip
Packaging erwies sich als inkompatibel mit elektrochemischen Messungen und musste modifiziert
werden. Die kontrollierte Elektropolymerisation von leitfähigen und nicht-leitfähigen Polymeren auf der
Elektrode war nicht möglich. Die Adhäsion der abgeschiedenen Schichten erwies sich als nicht
ausreichend, und die elektrische Stabilität der Polymere war nicht gegeben. Durch die Komplexität des
Systems wurde die Fehlersuche schwierig. Durch die Verwendung neuer „Chip Packaging“-Protokolle,
passiver Chips und externer Potentiostaten wurden erfolgreiche Messungen möglich.
Die PDMS Mikrotunnelstruktur wurde entworfen um das Auswachsen von Axonen zu steuern und
deren extrazelluläre elektrische Signale zu verstärken. Die Struktur wurde kompatibel mit dem HiDens
Mikrochip konzipiert und ermöglichte, einzelne Spikes mit hohem Signal-Rausch-Verhältnis aufzunehmen.
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Der HiDens Mikrochip hat eine sehr dichte Mikroelektrodenanordnung von 11.011 Elektroden im Abstand
von 17 m, die das Auslesen subzellulärer Signale von elektrogenen Zellen wie Neuronen ermöglicht. Eine
Schaltmatrix unter der Elektrodenanordnung ermöglicht die Rekonfiguration der 126 Auslesekanäle
innerhalb von 1.4 ms, sodass jede beliebige Elektrode bei sehr geringen Störsignalpegeln ausgelesen oder
stimuliert werden kann.
Mehrere verschiedene Entwürfe der PDMS Mikrotunnelstruktur wurden realisiert. Alle
beinhalteten zwei Kammern für Zellkulturen, die mit lange dünnen Kanälen, in die nur neuronale
Fortsätze wachsen konnten, verbunden waren. Kammergröße, Kanalbreite und –länge wurden variiert. Es
wurden Methoden zur Verbesserung der Adhäsion der PDMS Strukturen auf dem HiDens Mikrochip
sowie zum Schutz der Elektronik gegen Zellen und Zellkulturmedium entwickelt. Embryonale
Rattenneuronen wurden in die Kammern ausplattiert, Axone und Dendriten wuchsen in die Kanäle, aber
nur Axone wuchsen komplett durch die 500 – 900 m langen Strukturen. Die Zellen in den zwei
Kulturkammern bildeten Netzwerke, die durch die Kanäle synaptisch miteinander kommunizierten. Die
Somata konnten durch spontanes Feuern sowie durch Stimulation in der Nähe der Somata mit Hilfe der
Mikroelektrodenanordung mit den entsprechenden Axonen korreliert werden.
In den Kanälen wurden komplexe Signalformen beobachtet, die einzelnen Zellen zugeordnet
werden konnten. Eine grosser Vorteil der Tunnelstruktur waren die charakteristisch grossen
Signalamplituden. In kurzen Zeiträumen wurden auch gleichbleibend komplexe Signalformen beobachtet,
während die Änderung der Signalformen über längere Zeiträume auf das Altern der Zellkultur
zurückgeführt werden konnte. Der Grund für die komplexen Signalformen waren axonale Verzweigungen
in den Tunneln. Es konnte gezeigt werden, dass die lineare Überlagerung zweier einfacher Signalformen
komplexere Signalformen zur Folge hatte, die dann auch durch die Stimulation mehrerer Zellen
hervorgerufen werden konnten. Obwohl mehrere Axone in einen einzelnen Kanal wuchsen, konnten ihre
Signale aufgelöst und einzelnen Zellen, deren Somata ausserhalb des Kanals lagen, zugeordnet werden.
Stimulation von Neuronen bei verschiedenen Frequenzen von 10 – 160 Hz zeigte, dass axonale
Aktionspotentialausbreitung mit steigender Stimulationsfrequenz und Anzahl von Stimulationen variiert.
Alle stimulierten Neuronen zeigten ähnliches Verhalten: Die Spikehöhe nahm ab, die Spikeweite und die
Latenz nahmen zu, während die Signalausbreitung langsamer wurde. Diese Effekte waren drastisch,
Spikehöhen waren nur noch ein Bruchteil der ursprünglichen Höhen und teilweise kam es zu
Ausbreitungsstörungen entlang der Axone. In den untersuchten Zellen war die Frequenz unterschiedlich,
bei der die Effekte signifikant wurden. Die Effekte konnten entlang axonaler Zweige versciedener oder
sogar derselben Zelle beobachtet werden. Die Abhängigkeit der Signalausbreitung von der
Kaliumkonzentration wurde in Experimenten mit Medien verschiedener Ionenkonzentrationen
nachgewiesen: Geringere Konzentrationen ermöglichten auch eine Ausbreitung bei höheren Frequenzen.
Es zeigte sich, dass die Verwendung einer Mikrotunnelstruktur auf dem HiDens Chip eine
vielversprechende Methode zur Untersuchung von Axoneigenschaften ist. Die Struktur ist gut geeignet,
axonale Informationsverarbeitung und ephatische Kopplungen sowie isolierte synaptische Interaktionen
zwischen spezifischen Zelltypen zu untersuchen.
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Chapter 1
Introduction
Biosensors, such as DNA sensors and immunosensors, and bioelectronics, such as multielectrode arrays,
are enabling a broad range of biological experiments that were not possible a short time ago. Humans are
visual creatures, which explains the appeal of microscopy, the technique that has long been dominating
biology research, but the multiplexing capabilities available to computer chips along with their small size,
are the methods that will be able to parallelize biological measurements and provide access to small,
complicated systems, such as ensembles of interacting cells, in the future.
While the desire to discover and innovate is strong, the challenges remain very difficult.
Successful, commercial biosensors are still few and far between. The need for an implantable, chronic
glucose sensor has been cited by every author since the first glucose sensor was invented in 1962, yet the
product remains elusive. [1, 2] Deep brain stimulation electrodes have been implanted into and
benefitted thousands of individuals, but their mechanism of action is still unclear and innovation in the
field has slowed in spite of successes. [3-5] In vitro methods have found more successes, in the area of
diagnostics as well as pure research. Immunosensors, DNA sensors, as well as other sensors intended for
hospital or point-of-care use have proliferated, although generally have not replaced lab bench-based
tests. [6, 7] The biggest recent achievements have been in the field of basic research, where
microfabricated and microelectronic devices are being recognized as important tools that provide unique
insights and opportunities, and which can make a real impact on science. [8-10]

1.1 Structure of the thesis
This thesis is divided into two parts representing the two projects that were pursued: a label-free DNA
sensor implemented on a CMOS microelectrode array, and an axonal isolation device implemented on a
CMOS high-density microelectrode array.
Part I is divided into three chapters:
Chapter 2 provides the motivation for and history of the implementation of the label-free DNA
hybridization sensor onto the CMOS chip. Different types of hybridization sensors are discussed, and the
team for the project is enumerated. Chapter 3 discusses the DNA sensor in depth. It starts with some
basic information about electrochemistry and then goes on to explain theory and methods needed for
work with the sensor. Further it describes experiments that were performed and results that were
obtained. Finally, the work is discussed and evaluated. Chapter 4 concludes the DNA hybridization sensor
and gives an outlook for future work.
Part II is divided into four chapters:
Chapter 5 is the introduction to using multielectrode arrays to read out and stimulate dissociated
neurons. There is a short description of action potential initiation and propagation and of other methods
for studying cellular electrophysiology. Microelectrode arrays are then discussed in more depth.
Stimulation, including stimulation parameters, is discussed at the end of the chapter. Chapter 6 is the
paper ‘Recording large extracellular spikes in microchannels along many axonal sites from individual
neurons,’ that was submitted to PLoS one and is in the final stages of review. This paper debuts our
axonal isolation device and describes the characterizations and experiments that were first performed.
Chapter 7 is the paper ‘Modulation of axonal propagation using high frequency stimulation’ that is in
preparation and will be submitted to the Frontiers in Neuroengineering. This paper describes experiments
that we performed with the axonal device on the microelectrode array using medium to high frequency
voltage pulses to stimulate cells. We found clear evidence of action potential modulation along axons,
which showed clear similarities between cells. We also saw differential effects when multiple axonal
8
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branches belonging to the same cell were observed. Chapter 8 summarizes the work done with axons and
talks about future work that could be performed using the axonal device on the chip.

1.2 Major Results
Design, fabrication, and implementation of poly(dimethylsiloxane) axonal device onto high density
MEA
A simple microfluidic device was designed to create
two culture chambers for neurons separated by long,
thin channels into which only neuronal processes
would grow and neuronal cell bodies could not enter.
A design was chosen that would also be
complementary in size and shape to the high-density
microelectrode array (HD-MEA) developed in our
group. Several designs for chambers and channels
were tested; channels featuring a height of 6 m,
widths from 2 – 12 m and lengths of 500 – 950 m
were used. Moulds for axonal devices were fabricated
in the cleanroom using a three-layer SU-8 process, and
the devices were made out of poly(dimethylsiloxane)
(PDMS). The PDMS axonal devices were open at both
ends to facilitate cell plating and medium exchange;
they were tested to ensure cell viability.
A proper bonding of the PDMS device to the
corrugated CMOS surface was established, and a new
packaging method was created using only PDMS to passivate the CMOS chip. Culture viability on-chip was
tested and experiments using the new culture chambers were performed.
Electrophysiological recording from isolated axons and characterization of extracellular waveform
shape and origin
Neurons from embryonic rat cortex were cultured in the
chambers of the device, on the HD-MEA, and axons grew
into and through the channels to form networks. The
channels amplified signals from propagating action
potentials such that single propagations could easily be
detected. Outside of channels, axonal action potentials
were usually lost in the noise and could only be detected
when many traces were averaged together. As the culture
matured and the channels filled with more processes, and
sometimes with glial cells, signals on electrodes in the
culture channels were further amplified.
Since many axons grew into a single channel, a lot
of activity was recorded on electrodes in channels, and
complex waveforms were observed. The origin of the
waveforms was demonstrated by stimulating using
electrodes on the HD-MEA. Complex waveforms were the
result of linear superposition of several signals but the
signals could be disentangled from one another. Spike
sorting in channels was possible since waveforms were
unique over short time periods. Spike sorting enabled matching somas and their axonal branches inside
and outside of channels.
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High frequency stimulation of axon initial segment results in dramatically altered extracellular axonal
action potentials
Axons were once thought to be passive cables,
whose purpose was to faithfully conduct an action
potential along its length without alteration or
modulation. Evidence has accumulated that axons
are capable of information processing, just like
dendrites, and their small size makes them
virtually inaccessible to conventional methods like
the patch clamp. The axonal device was therefore
used to study axonal propagation resulting from
stimulation.
Neurons on the HD-MEA were stimulated
at various frequencies ranging from 10 to 160 Hz,
and the effects of the stimulation were observed
along axonal branches in channels. Several effects
were observed to result from the stimulation:
propagating action potentials’ spike height
decreased, width increased, and latency increased
with stimulation number. Some cells were only able to faithfully propagate spikes at 10 Hz, while others
were able to propagate spikes at 160 Hz. Differential effects were observed on different axonal branches
of the same neuron. This study was enabled by the axonal device, without which single propagating
potentials could not be observed.

1.3 References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

10

Pfeiffer, E., The glucose sensor: the missing link in diabetes therapy. Hormone and metabolic
research. Supplement series, 1989. 24: p. 154-164.
Schultz, J.S., Thirty-Fifth Anniversary of the Optical Affinity Sensor for Glucose A Personal
Retrospective. Journal of diabetes science and technology, 2014: p. 1932296814552477.
Benazzouz, A. and M. Hallett, Mechanism of action of deep brain stimulation. Neurology, 1999.
55(12 Suppl 6): p. S13-6.
Vitek, J.L., Mechanisms of deep brain stimulation: excitation or inhibition. Movement disorders,
2002. 17(S3): p. S69-S72.
Montgomery Jr, E.B. and J.T. Gale, Mechanisms of action of deep brain stimulation (DBS).
Neuroscience & Biobehavioral Reviews, 2008. 32(3): p. 388-407.
Luong, J.H., K.B. Male, and J.D. Glennon, Biosensor technology: technology push versus market
pull. Biotechnology advances, 2008. 26(5): p. 492-500.
Scognamiglio, V., et al., Biosensors for effective environmental and agrifood protection and
commercialization: from research to market. Microchimica acta, 2010. 170(3-4): p. 215-225.
Pillow, J.W., et al., Spatio-temporal correlations and visual signalling in a complete neuronal
population. Nature, 2008. 454(7207): p. 995-999.
Bakkum, D., et al., Tracking axonal action potential propagation on a high-density microelectrode
array across hundreds of sites. Nature communications, 2013. 4.
Frey, O., et al., Reconfigurable microfluidic hanging drop network for multi-tissue interaction and
analysis. Nature communications, 2014. 5.

Part I: Electrochemical label-free DNA
sensor implemented on a multielectrode array

Part I

Chapter 2
Introduction to part I
2.1 Motivation and background
For many years now, biosensors have been following a trend, which is to combine the selectivity of
biological interfaces, which are difficult to engineer, with ever smaller and faster microelectronics, which
have become easier to produce. [1] In order to create more useful sensors, which can be used in
biological fluids rather than in purified samples, the specificity created by nature, such as antibodies to
antigens or single strands of complementary DNA to one another, is used to our advantage. [2, 3] As
analyte volumes and concentrations have decreased, signal sensitivity has had to increase. Integrated
electronics, such as those that can be made using the complementary metal-oxide-semiconductor
(CMOS) process, are increasingly being utilized for biosensors, since small electrical signals can be
amplified and digitized on the chip, very close to where they were measured. [4] The major challenge is
to create a suitable interface to transduce the biological event into a measurable signal.
The idea behind a DNA hybridization sensor is fairly well known: single-stranded DNA (ssDNA)
with a known sequence (the probe) is immobilized on a sensor surface, and then a second ssDNA of
unknown sequence (the target) is introduced. [2, 5] Since DNA’s natural replication cycle involves splitting
into strands, replicating itself, and then hybridizing, the sensor functionality is biologically sound. There is,
however, no clear biological marker or signal when a certain part of the DNA process succeeds or fails,
and so one must be added in order for a sensor to work. The three most commonly used methods of
signal transduction are optical, mass, and electrochemical methods. [6] In the optical method, DNA
strands are labeled with multiple fluorescent markers or multiple chromophores, which fluorescence or
quench one another, depending on separation distance, and the process is visualized using a CCD camera,
photomultiplier tubes or a fluorescence microscope. [7] The mass method involves monitoring changes in
mass when hybridization occurs using a quartz microbalance [8] or a microfabricated cantilever system.
[9] Both the optical and mass methods rely on simple principles, but generally require fairly elaborate
readout schemes and readout electronics.
The richest and most diverse set of transduction methods are the electrochemical approaches,
which include impedance spectroscopy, redox cycling, as well as many different label-free methods.
Redox cycling is based on introducing an electroactive compound into the electrolyte whose affinity for
dsDNA is much higher than for ssDNA, and whose subsequent activity can be monitored. The proper
choice of redox indicator combined with the right conditions can be used to create a very sensitive and
selective sensor for a given target DNA sequence. [10] Enzyme labels on target DNA have also been used,
with which single base mismatches were detected. [11] Label-free methods may be an even better
choice, since they simplify the protocol and readout scheme. Direct oxidation of guanine, which has the
lowest oxidation potential of the four DNA bases, is one such technique. [12] Cathodic stripping of
adenine is another possibility. [13, 14] The use of conducting polymers offers another direct and labelfree method of hybridization detection, as it has been shown that electronic properties of the polymer
change when attached ssDNA hybridizes. [15]
Aside from the detection event itself, the immobilization method is also important, since it
determines the anchoring of the ssDNA to the electrode or surface and the reactivity of the ssDNA to
complementary strands. For example, adsorption is a simple and widely used immobilization method, but
it is temperature and voltage dependent, thus making it problematic for certain detection methods. Thiol
chemistry on a gold electrode, another simple self-organizing immobilization technique, may not be
stable at higher temperatures due to steric hindrances leading to loosely-packed molecular ensembles on
the electrodes. [16] The immobilization method is often tied to the electrode material and detection
method. A number of chemistries for popular methods are summarized by Pividori et al. [16]
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The next chapter describes the theory behind and application of a label-free hybridization
detection method, developed by Josowicz and Janata at Georgia Tech, [17] which was to be transferred
onto a CMOS chip already developed in our lab. [18] Their method employs polypyrrole, a widely-used
conducting polymer, as the signal transducer, and a custom linker that offsets the DNA molecule from the
electrode and provides functional groups for immobilization. Cyclic voltammetry, a standard
electrochemical technique, was used to detect electrostatic modulation of ions present in the working
electrolyte, by the presence of the dsDNA. Their chemistry was established on large single electrodes [19]
and later on simple passive chips with several electrodes, [20, 21] and the goal was to transfer the
method onto CMOS chips comprising a three-electrode setup and on-chip potentiostat to create a
parallel measurement system for use in point-of-care diagnostics. The deposition steps, necessary to
fabricate the sensor interface, as well as the DNA hybridization measurements could be performed with
on-chip circuits using amperometry and cyclic voltammetry.

2.2 Collaborators and their contributions
The core team for this project included:
Flavio Heer1: Designed and partially characterized the CMOS DNA chip.
Jörg Rothe2: Characterized the CMOS DNA chip and developed the Labview interface, and packaged
chips.
Mira Josowicz3: Established the immobilization chemistry.
Janusz Kowalik3: Created and synthesized the linker TPTC11.
Marta Lewandowska2: Purified chemicals, cleaned and packaged chips, designed passive chips,
characterized electrodes, performed experiments.
Alexander Stettler4: Fabricated passive chips.
Olivier Frey2: Helped with electrochemistry questions.
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Chapter 3
Label-free electrochemical DNA sensor
3.1 Introduction
The label-free DNA hybridization sensor project was truly interdisciplinary, bringing together materials
science, organic chemistry, electrochemistry and electrochemical techniques, molecular biology,
microelectronics, computer programming, and signal analysis. Although the methodology was believed to
be well established, the application and adaptation of the methods proved to be quite challenging.

3.2 Theory
Electrochemistry is the study of interfacial chemical reactions that involve the movement and transfer of
charge between chemical phases such as electrodes (often in solid form) and electrolytes (often in liquid
form). What follows is a coarse overview of some ideas and methods relevant to the work described in
this thesis. For more information, please see a standard electrochemistry textbook such as Principles of
Electrochemistry by Koryta et al. [1] or Electrochemical Methods by Bard and Faulkner [2, 3].

3.2.1 Electrode-electrolyte interface
3.2.1.1 Electrochemical potential
Chemical species, such as an ion in a solution (electrolyte), have an energy that depends on the chemical
gradients and electric fields to which it is exposed. The electrochemical potential, ̃ , of an (charged) ion
in solution is comprised of its chemical potential, , a measure of how the energy will change with a
change in particle concentration, and the inner electrical potential, , a measure of the amount of
electrical work needed to bring the charge into the solution:
(3-1)
̃
where z is the charge of the ion, F is Faraday’s constant (the charge of one mole of electrons).
When different species, i.e., salts, sugars, chemicals, come into contact with one another in
solution, diffusion naturally works to equilibrate the chemical or electrochemical potentials of the
different species by allowing them to mix. At equilibrium, the sum of the electrochemical potentials goes
to zero, which means that interactions continue, but no net changes occur.
3.2.1.2 Electrical double layer
The introduction of an object into a fluid generates an interfacial double layer around the solid, which
results from the redistribution of charge that takes place as the chemical potentials of the various
materials equilibrate. The double layer is characterized by three distinct regions: the inner Helmholtz
plane (IHP), the outer Helmholtz plane (OHP) and the diffuse layer. The IHP is made up of ions and
molecules specifically adsorbed to the electrode. Primarily these are solvent molecules, but also include
partially solvated ions, which are attracted to and oriented by the electric field. The OHP is made up of
solvated ions most of which are of opposite polarity than the electrode. The diffuse layer is made up of
solvated ions whose distribution varies as a function of distance from the surface. [4] The effect of the
double layer with respect to the bulk liquid is to neutralize the charge on the electrode. Its thickness
ranges from 0.1 – 1 nm and mostly depends on the electrolyte concentration.
Importantly, the oppositely charged planes of the electrode and the OHP layer together create a
significant double layer capacitance. Since the capacitance of a parallel plate capacitor is inversely related
to distance between plates, and the specifically absorbed layer can be very thin, the double layer
capacitance can become very large, often in the range of 10 – 40 F/cm2, but whose value is dependent
on the electrode material and is modulated by the electrode potential.
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3.2.1.3 Faradaic and non-faradaic processes
Two charge processes occur at the electrode: non-faradaic (charging) and faradaic (charge transfer)
reactions. Non-faradaic reactions are ones where charge transfer processes are unfavorable for
thermodynamic or kinetic reasons, resulting in changes to or charging of the double layer. The extreme
example of this is the ideally polarizable electrode, whose ideal behavior is purely capacitive. Faradaic
reactions are ones in which electrons are transferred between the electrode and species in solution,
resulting in reduction and oxidation of ions or molecules.
3.2.1.4 Model of the interface
Metal electrodes in physiological saline solutions are generally modeled using both faradaic and nonfaradaic processes: a charge transfer resistance in parallel with the double layer capacitance, and then an
additional series solution resistance. [5] The use of such a model enables treating the electrodeelectrolyte interface as a part of the electrical circuit.

3.2.2 Standard electrode potential
Reduction-oxidation (redox) reactions form the core of electrochemistry, as they are processes that
involve electron transfer to or from an ion or molecule. Reduction is a gain of electrons (change to more
negative oxidation state) and oxidation is a loss of electrons (change to more positive oxidation state).
The two types of reactions are necessarily coupled.
Since reduction and oxidation are the inverse processes of one another, the convention is to
tabulate reduction potentials for various chemical species. The more positive the reduction potential, the
greater the tendency (the higher the affinity) of the chemical species to acquire electrons. These
potentials are intrinsic to the chemical species and originate from their electron configuration, chemical
bonds, etc. Reduction potentials are linearly related to the Gibbs energy, an often used thermodynamic
potential which is a measure of the useful energy of a system at constant temperature and pressure, as
(3-2)
where n is the number of electrons per mole. Meaning that, in the ideal reversible case, the work
required to move one mole of electrons across the interface is
. These so-called half-cell reactions,
however, cannot be measured individually because they constitute only half of a circuit, and thus need to
be put together into a whole electrochemical cell with one reduction and one oxidation reaction. The
electrodes can be connected together with a voltage meter or battery in series, and the electrolytes need
to be able to exchange ions. Redox reactions that are energetically favorable will occur spontaneously,
while ones that are not favorable have to be driven via the application of a potential difference. The
standard cell potential is the electrode potential at a reversible electrode in a solution with 1M solutes at
25 °C. At a different temperature or concentration of solutes the electrode potential is described by the
Nernst equation,
(3-3)
where R is the gas constant, n is the number of moles of electrons and Q is the reaction quotient: the
ratio of the activities of the reactants to products raised to their stoichiometric coefficients. At
equilibrium
(3-4)
and Q is replaced by the equilibrium constant K so that
(3-5)
The Nernst equation can be derived directly from the definition of the Gibbs energy:
(3-6)
where H is the enthalpy, another thermodynamic potential, and S is the entropy, a measure of the
multiplicity of available states. This is a convenient definition since the chemical potential is related to the
Gibbs energy as
(3-7)
]
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At equilibrium, the Gibbs energy is at a minimum and the sum of the electrochemical potentials, for all of
the chemical species involved, goes to zero, as previously mentioned.
3.2.2.1 Reference electrodes
In most applications only one of the electrode reactions (electrochemical half cells) is interesting, and the
other is standardized into a reference half-cell with a stable known open cell potential, known as a
reference electrode. In fact, all of the reduction potential values are standardized to a reference
electrode known as the normal hydrogen electrode (NHE) whose reduction potential is defined to be 0.
Because this particular electrode, which consists of a platinum electrode with H2 gas bubbled across it, is
somewhat fragile and not very convenient to use, other, more robust reference electrodes are used more
often. In many aqueous electrolytes, the Ag/AgCl/KCl electrode is used, whose potential is ~0.2 V vs. NHE.
Since reference electrodes leak slowly into the solution being measured, they can contaminate the
measurement. In non-aqueous electrolytes, different reference electrodes are used, containing the same
non-aqueous solvent.
Additionally, liquid potentials can form at reference electrode junctions if different electrolytes
are present in the reference electrode than in the solution. Single junction electrodes are easier to make,
and have only one junction, but tend not to last long since they leak through that junction into the
solution. Double junction electrodes are more complicated, and more difficult to make, may suffer from
liquid potential drops, but tend to have longer lifetimes.
3.2.2.2 Three-electrode cell
Since current must pass through both sides of the electrochemical cell, it is difficult to maintain a stable
potential at the reference half-cell. To remedy this problem, this half-cell is split in two to create
reference and counter (sometimes called auxiliary) electrodes, which together fulfill the role of the
reference half-cell. The reference electrode is maintained at a given potential while the counter electrode
passes necessary current into solution to balance what is happening at the electrode of interest, which is
called the working electrode.
A potentiostat is an instrument used to control such a three-electrode system, and is used to
make various electrochemical measurements at the working electrode. Figure 3-1 shows a schematic of
how a potentiostat works. It uses a control amplifier to keep the working and reference electrodes at a
defined potential difference from one another by adding in the necessary current via the counter
electrode.

Figure 3-1: Schematic of a potentiostat. a. The working (WE) and reference (ref) electrodes are kept at a defined
potential difference from one another via a counter electrode (CE) that injects the necessary current. b.
Substituting two complex impedances for solution resistance and capacitance creates a model of the
potentiostatic circuit.

3.2.3 Electrochemical methods
3.2.3.1 Chronoamperometry
Chronoamperometry is an electrochemical technique in which the potential is stepped and the current
that results is measured over time. Generally stepping the voltage results in a faradaic current that is
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described by the Cottrell equation and then decays exponentially with time. This technique can also be
used to induce polymerization of certain compounds.
3.2.3.2 Electropolymerization
Electropolymerization is the process of creating a polymer out of monomers with the aid of an electric
current. In the case of polypyrrole, a conducting polymer, the exact polymerization mechanism is not
known, but the accepted scheme is that pyrrole monomers are oxidized into radical cations, which form
dimers that are in turn also oxidized, continuing the process. More conjugated compounds are more
easily oxidized, so that once the reaction involving monomers begins at a given potential, it will continue
until the potential is lowered or switched off. Polypyrrole films are synthesized in their oxidized and
doped state. [6] The deposition of polypyrrole has been studied extensively, and the properties of the
resulting polymer film are known to depend on many factors including the counter ion in solution, the
acidity in the vicinity of the electrode, the temperature during deposition, as well as the deposition rate,
to name a few. [7-9]
3.2.3.3 Cyclic voltammetry
Cyclic voltammetry is an electrochemical technique that is often used to characterize a compound. The
voltage is swept in a triangular pattern and the resulting current is measured. Depending on the
electrode material and the species in solution, various characteristics of the system can be explored,
including the electrode material and size, double layer capacitance, or the presence and concentrations
of electroactive species in solution, see Figure 3-2.

Figure 3-2: Cyclic voltammetry a. the potential at the counter electrode is swept in a triangular fashion between
two fixed values (V1 and V2) and the resulting current is measured. b. The result is a cyclic voltammogram, a plot
of current vs. voltage.

3.2.3.4 Electrode characterization
Cyclic voltammetry can be used to characterize the electrode material and size before other
measurements are performed. Typically the geometrical and microscopic areas of an electrode are
different from one another by some factor because of surface roughness. Cyclic voltammograms of Pt
electrodes in weak sulfuric acid (0.1 – 1 M H2SO4) and other aqueous buffers have a characteristic shape
that can be seen in Figure 3-3. [10] The capacitive double layer region is near the middle of the
voltammogram while oxidation of the electrode (formation of Pt-O) happens at higher potential and
hydrogen adsorbs to the electrode at lower potentials. The hydrogen layer develops by physisorption and
initially forms a monolayer (between -100 and -300 mV in the Figure) before the rapid onset of hydrogen
evolution (at potentials of <-300 mV in the Figure). By integrating over the monolayer region of the
voltammogram, the effective electrode area can be evaluated.
Ferrocene (Fe(C5H5)2) is a substance that is often used for calibration in non-aqueous media. [11,
12] Its oxidation to the ferrocenium cation has been shown to be a one-electron reversible process, with
a characteristic sigmoidal shape. The shape can be used to probe electrode reproducibility while the
limiting current is directly proportional to electrode size for a number of electrode geometries. For a disk
electrode, the equation is
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(3-8)
where n is the number of electrons transferred (one in the case of ferrocene), C is the concentration, D is
the diffusion constant, and r is the electrode radius. [11]

Figure 3-3: Cyclic voltammogram of Pt electrode in dilute H2SO4. The double layer region is near the middle, while
oxygen and hydrogen evolution regions are seen at the extremes. Increasing (decreasing) the voltage further
would result in generating oxygen (hydrogen) gas at the electrode.

3.3 Experimental Materials and Methods
3.3.1 Electrochemical sensor system
The entire sensor system consists of three parts: the CMOS chip itself, which includes the measurement
electrodes, a field programmable gate array (FPGA) used for both chip control and data processing, and a
computer running Labview software, which also powered the system via USB.
3.3.1.1 Electrochemical CMOS chip
The CMOS chip consisted of a 24 x 24 electrode array, reference and counter electrodes, 24 readout
channels, three different analog-to-digital conversion schemes, a shift register, two temperature sensors,
and biasing and test circuits. [13] Each column of the array could be read out at a given time, but each set
of eight electrodes were digitized using one of three different types of circuits: sigma delta converters for
the top eight rows, sigma delta converters with offset cancelation for the middle eight rows, and current
conveyors for the bottom eight rows. While the current conveyor is a well-known A/D scheme, the sigmadelta convertor implementation on the chip was unique. In this scheme, the electrode double layer
replaced parts of the integrator, thus shrinking the space required for the circuit, since a large capacitor
and one amplifier could be removed. The potential at the working electrode was kept at a given voltage
by feeding back charge from a reference capacitor, which could be adjusted to a given current range,
given by
(3-9)
where f was the switching frequency. The outputs of the sigma-delta convertors were multiplexed and
sent off the chip to the FPGA.
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Figure 3-4: Chip micrograph. a. The CMOS chip made up of the electrode array on the left and the readout
channels on the right. Each third of the 24 columns was read out via a different digitization scheme. b. Two of the
three electrode designs: electrodes of five different sizes on one chip or same-size electrodes on one chip.

The chip was fabricated in an industrial 0.6 m CMOS process technology at X-FAB (Erfurt,
Germany) resulting in aluminum interconnects that had to be covered before electrochemical
measurements could be made. Post-processing was done in-house on the wafer level to create platinum
electrodes. Additional passivation (Si3N4 and SiO2) was deposited and then reopened to shape the
electrodes in one of three designs, see Figure 3-4b for two of the most used designs.
Two different packaging schemes were used for CMOS chips, as can be seen in Figure 3-8a and
Figure 3-8b. In both cases the chip die was glued onto a custom printed circuit board (PCB) and then wire
bonded to the PCB using a manual wire bonder. For the packaging shown in Figure 3-8a: a glass ring was
glued to the PCB to serve as a reservoir for later experiments. Stamps made of polydimethylsiloxane
(PDMS) were made using a custom mould: PDMS monomer was mixed with its curing agent 10:1,
thoroughly degassed, poured into the mould, and then cured at 60 °C for four hours. Individual stamps
were then cut out of the larger PDMS piece, and a single stamp was placed over the electrode array to
protect it during subsequent packaging steps. Epoxy (EPOTEK 302-3M) was mixed, thoroughly degassed,
and then poured between the PDMS piece and the glass ring to isolate wire connections. Epoxy was
cured at 50 °C for four hours on a hot plate. PDMS pieces were removed prior to using the chip.
An alternative packaging was later also used, which did not employ a PDMS stamp. Usually this
technique resulted in a dipstick packaging (Figure 3-8b), but it was also compatible with the glass ring
packaging. UV-curable epoxy (EPOTEK OG116-31) was applied carefully by hand using a toothpick to
protect bond wires; the very high viscosity of the epoxy made this possible. Epoxy was cured in a mask
aligner for 30 s.
Passive chips were also fabricated for later tests. Glass wafers were processed similarly to the
CMOS post-processing procedure. Glass wafers were sputtered with 200 nm of Pt (first with a layer of Wt
as adhesion promoter), which was patterned using lift off. An alternating Si3N4 and SiO2 passivation stack
was then deposited, and reopened around the electrodes using reactive ion etching. The results of this
fabrication can be seen in Figure 3-8c. Two types of chips were made: single chips with eight electrodes
each and half chips with four electrodes per chip. Each type had a reference electrode on chip. Working
electrodes were 10-40 m in diameter.
3.3.1.2 FPGA module
The FPGA module was a small circuit board used for data processing and communication with the
computer. The output signal of the chip was demultiplexed and then filtered in two stages using efficient
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filters with simple hardware implementation. Additionally a master potentiostat was built on the circuit
board that was used for on-chip or off-chip reference and counter electrodes.
3.3.1.3 Measurement computer
The FPGA module and the CMOS chip were powered via the USB port of a regular laptop computer.
Custom Labview programs were written to control the chip, set parameters, perform measurements, and
store data. Data was later visualized and analyzed using custom Matlab programs.

3.3.2 Measurement setup
3.3.2.1 Reference electrodes
Reference electrodes needed for deposition of chemical layers and measurements were made by hand,
the same way they were made at Georgia Tech. A non-aqueous double junction Ag/Ag+ electrode was
needed for electrochemical deposition in acetonitrile (AcCN), and an aqueous double junction Ag/AgCl
electrode was needed for measurements in buffer. The reference electrode body was made from two
Pasteur pipettes linked together with a piece of rubber hose, and capped off with a rubber stopper. In
order to limit fluid outflow from the pipettes, a piece of asbestos fiber was introduced into the tip, and
then the tip was melted using an alcohol burner. A small amount of ethanol was used to check that the
pipette outflow was minimal, but that the tip had not melted shut. The upper body of the pipette was
then cut with a glasscutter and melted to eliminate sharp edges.

Figure 3-5: Handmade double junction reference electrode filled with electrolyte solutions. Each part is labeled
and described in the text.

For the Ag/Ag+ electrode, the solutions used were 0.1 M AgNO3 in AcCN and 0.1 M tetraethyl
ammonium perchlorate (TEAP) in AcCN. Once both pipettes were filled with one of the solutions, the
AgNO3-filled pipette was placed into the TEAP-filled pipette. A piece of Ag wire was first cleaned with
sandpaper and distilled water and then pushed through the rubber stopper and placed into the AgNO3
pipette. See Figure 3-5.
For the Ag/AgCl electrode, the solutions used were 0.1 M KNO3 and 0.1 M KCl. Additionally, 6 mM
FeCl3 was needed in order to chloridize Ag wire and create AgCl. Again the Ag wire was cleaned with
sandpaper and distilled water, then placed into a small container with FeCl3 and left there for a few
minutes in order to allow AgCl to form on the surface. Once the two pipettes were filled, the KCl-filled
pipette was placed into the KNO3-filled pipette, then the Ag/AgCl wire was pushed through the rubber
stopper and placed into the KCl pipette.
Both reference electrodes were stored with their tips soaking in the same solution as in the
bottom pipette, and since both were light sensitive, they were stored wrapped in aluminum foil in a dark
cabinet.
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Figure 3-6: TPTC11 monomer structure: polymerization occurred via bonding of the thiophene rings. ssDNA was
2+
attached to the phosphonic acid group via an Mg intermediary.

3.3.2.2 Conversion of TPTC11 from ester to acid form
The spacing / linking molecule that connected the conducting polymer transducer to the DNA was 2,5dithienyl-(N-11-diethylphosphorylpropyl)pyrrole or TPTC11-PO3, or just TPTC11 for short. The chemical
structure of the TPTC11 monomer is shown in Figure 3-6. TPTC11 is more stable in ester form (as a
powder), and is therefore transported and stored in that form. To be useable, however, it needs to be
converted into its acid form.
TPTC11 powder was dissolved in HPLC grade methanol, which could be additionally heated to aid
dissolution. This solution was then put through an Isolute ion exchange column, which had previously
been wetted with methanol; see Figure 3-7a. The pH of the eluate was constantly monitored (with pH
strips wetted with water) so that the collected solution would be relatively pure (and acidic). Once the
eluate was again neutral, all of the TPTC11 had passed through the column and could be dried.

Figure 3-7: TPTC11 conversion from ester to acid. a. Isolute ion exchange column with TPTC11 dissolved in
methanol passing through, b. rotovap for evaporating methanol, c. TPTC11 film (yellow) inside flask, d. TPTC11
film (brownish-yellow) after drying in vacuum.

The TPTC11 acid could be dried in either of two ways: using a rotovap (rotating evaporator; see
Figure 3-7b) or if a rotovap was not available, evaporating the methanol using cool N2 gas and then drying
in vacuum. In either case, a bright yellow-orange oily film would form on the vessel containing the eluate
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(see Figure 3-7c and Figure 3-7d), which was the TPTC11 that could then be extracted by dissolving in the
appropriate solvent. It had limited solubility in AcCN, so additionally chloroform or dichloromethane
could be mixed in.
3.3.2.3 Cleaning of electrodes
The Pt electrodes were cleaned and electrochemically aligned in degassed 1 M H2SO4. Cyclic voltammetry
(sweeping from -0.2 to 1.2 V vs Ag/AgCl reference electrode, starting and ending around 0.2 V) with a
sweep rate of 100 mV/s was used for this purpose. Generally 10 to 20 scans were done or as many as
were necessary so that subsequent scans retraced each other.
3.3.2.4 Preparation of DNA sensor
In order to immobilize the DNA probe, a three-step process was necessary to create the electrochemically
deposited bilayer and then to attach the Mg2+ ion to which DNA was then electrostatically immobilized.
For electrochemical depositions in acetonitrile, the Ag/Ag+ reference electrode was used.
Pyrrole (0.1 M pyrrole in 0.1 M tetraethylammonium perchlorate (TEAP)) was electrochemically
deposited at a constant potential using amperometry. In order to determine the proper deposition
voltage, a potential sweep was applied to the first column of electrodes from 0.2 – 0.8 V. Generally a
clear peak around 0.75 – 0.8 V was seen, and a potential value below this peak (~0.7 V) was chosen for
the deposition voltage. Deposition time was controlled by integrating the current and terminating
deposition at a given accumulated charge, 280 mC/cm2, see Table 3-1 for the charge used for each
electrode size. The chip was then washed several times with AcCN to remove monomers and residue.
TPTC11 (0.5 M TPTC11 in AcCN/dichloromethane 80:20) was electrochemically deposited at a
constant potential, similar to pyrrole. The potential value determined from the sweep was generally
around 0.4 – 0.5 V. Again, deposition time was controlled by integrating charge until 111 mC/cm 2 was
reached, see Table 3-1. The chip was washed well with AcCN, dried, and then placed into vacuum in order
to evaporate as much AcCN off of it as possible.
Electrode diameter
Ppy charge
TPTC11 charge
110 nC
19.60 nC
10 m
464 nC
78.41 nC
20 m
725 nC
122.5 nC
25 m
176.4 nC
30 m
1.04 C
313.7 nC
40 m
1.86 C
1.96 mC
100 m
11.6 C
Table 3-1: Charge deposited on each chip’s working electrode according to its size, based on values used by
2
2
Josowicz: 280 mC/cm for pyrrole and 111 mC/cm for TPTC11.

The bilayer was then incubated in 0.5 mM MgCl2 in 1 mM HCl solution for 1 hour, while stirring (if
possible) in order to attach the Mg2+ cation to the TPTC11 linker to finish the preparation of the
immobilization layers. The sensor was then washed with Tris/HCl (0.1 tris(hydroxymethyl)aminomethane
and 0.1 M HCl 1.36:1.00, pH=7.2) buffer. Thermal and/or electrochemical annealing could be performed
at this stage. Thermal annealing was performed by filling the well in the chip with warm buffer and
incubating it at 50-60 °C for 1 hour. Electrochemical annealing was performed either by holding the
working electrode at a potential of 1 V for 60 seconds, or performing cyclic voltammetry for a period of
time.
The prepared sensor was then incubated in the probe DNA solution diluted in Tris/HCl buffer.
Different probe ssDNA sequences were used, and most were 15-24 base pairs (bp) in length. Suitable
probes were chosen that had greater than 50% GC content and which should not form hairpin or other
secondary structures. For example, the set of oligonucleotides used for first experiments were:
Probe: 5’- TCC ACT GAC ACA ATA GGC GT-3’
nC target: 5’- AGC AGT GACAGT CAC AGT CT- 3’
C target: 5’- ACG CCT ATT GTG TCA GTG GA-3’
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3.3.2.5 Electrochemical measurements
Measurements to determine whether or not hybridization had occurred were made using cyclic
voltammetry between -0.6 and 0.6 V, at a sweep speed of 50 mV/s. One set of measurements had to be
made with only probe DNA attached, and then a second set of measurements was made after target DNA
had had a chance to hybridize, and the two measurements were compared. The additional negative
charge associated with the dsDNA, in the case of complementary DNA, resulted in an electrostatic
modulation of anions in the electrolyte medium, which could be observed as a diminished current in
measurements.

3.4 Results
3.4.1 Packaging
The DNA chip was always packaged by hand, including gluing and wire bonding the die to the PCB. This
was a time consuming and hazardous process. For example, out of the first 34 chips packaged, 10 could
not be properly wire bonded for various reasons. Three had epoxy on one or more bond pads (fault of
person packaging), while the other seven had problems not involving user error: damage to bond pads as
a result of dicing or storage, or adhesion problems preventing bonding to the chip surface.
The standard packaging protocol in the group was to protect the array with a PDMS stamp before
pouring epoxy into the ring to cover the bonding wires. Normally, the partially packaged chip was cleaned
and activated with oxygen plasma prior to PDMS stamp placement, but several tests proved that this
treatment promoted adhesion of PDMS to the CMOS chip. Simple cleaning with isopropanol was chosen
instead of the plasma cleaning.

Figure 3-8: Different types of packaging used for the chip to protect electronics from fluids. a. Standard chip
packaging method featuring a glass ring to hold up to 1 mL of sample, and requiring PDMS stamp for packaging;
b. dipstick packaging using UV-curing epoxy; c. passive (glass) chips with dipstick design that required an external
potentiostat. d. Close-up of passive chip.

Alternative packaging options were realized when cyclic voltammetry of otherwise clean chips,
and immobilization onto clean chips were found to not be reproducible on adjacent columns of
electrodes of individual chips and from chip to chip. The first change to the packaging was removal of the
PDMS stamp from the procedure and passivation of the chip and PCB with epoxy by hand. A new epoxy
with very high viscosity was chosen in order to minimize flow onto the electrode array. It could be cured
by exposure to UV light, and it hardened quickly and was generally quite effective.
Placing the epoxy by hand was, however, more difficult, laborious and prone to error. Although
the chip surface was covered with passivation, tests showed that epoxy had to surround the electrode
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array very tightly or else bubbles resulting from electrolysis of water would slowly leak out of the corners
of the packaging and severely disrupt measurements. Inevitably, some of the electrodes at the edges of
the array had to be sacrificed in order to insure proper chip operation.
Finally, a third packaging was used which bypassed the CMOS chip altogether. The new passive
chip was made of glass with Pt electrodes sputtered onto it. Leads were passivated and electrodes
reopened in the same manner as the post-processing on CMOS chips. The advantage of glass chips was
that they could be cleaned very aggressively using piranha solution or aqua regia. The major
disadvantages were, of course, the smaller number of electrodes for immobilization of DNA and the need
for an external potentiostat. The geometrical layout of the electrodes was different than that of the
CMOS chips as well.

3.4.2 Cleaning
Electrodes on all chips were recessed as a result of the electrode fabrication procedure, and therefore,
could not be polished mechanically. Instead, they were cleaned and evaluated using cyclic voltammetry in
dilute (0.1 – 1 M) H2SO4. Previously it was assumed that packaged chips were clean, but visual inspections
(under the microscope) were sufficient to prove that chips were quite dirty and cleaning was necessary,
see Figure 3-12. For biological applications, sterilization of chips is needed prior to contact with cells or
tissue. For electrochemical applications, however, the quality of the electrodes is much more important.
[11] Impurities on the electrodes and in the solution, including gases dissolved in the solution, will be
detected as part of the signal on the electrode. Electrochemical cleaning procedures included high
voltage pulses and cyclic voltammetry. For pulse cleaning, three square wave pulses with 10 s widths
were performed on working electrodes. If bubbles formed as a result of electrolysis, these were pipetted
away.

Figure 3-9: Cyclic voltammograms of Pt working electrodes in H2SO4. a. Peaks at 0 and 0.2 V resulting from silver
contamination; b. long tail resulting from dissolved oxygen in solution; c. dissolved oxygen in solution; d. expected
voltammogram, see Figure 3-3.

Cyclic voltammetry was performed between the two extremes of hydrogen gas production (at
negative voltages) and oxygen gas production (at positive voltages), and was always started and stopped
in the double layer region, ~0.3 V vs. Ag/AgCl. Figure 3-9 shows cyclic voltammograms in sulfuric acid of
electrodes on different chips. All of the electrodes were made of Pt, so all of the plots should look the
same. Figure 3-9a features two very prominent redox peaks near the zero of the reference electrode;
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they were later identified to be Ag contamination, probably from the reference electrode. [14] The long
tail in Figure 3-9b is likely from dissolved O2 in the solution, but the origin of the rest of the distorted
shape is not known. Figure 3-9c shows an almost correct voltammogram except that again there is
dissolved O2, which tilts the curve slightly so that the left end is lower than the right end. Figure 3-9d
shows the expected shape (compare to Figure 3-3) for a Pt electrode.
Additional electrochemical cleaning that was used on chips whose cyclic voltammograms were
abnormal included cycling to high over-potentials to employ electrolysis to clean off impurities. Chemical
cleaning (with acetone, isopropanol, and DI water) and oxygen plasma prior to packaging were also
tested, but did not significantly affect electrode cleanliness.

3.4.3 Electrode characterization
Electrode characteristics, particularly electrode size, for some chips were evaluated using the
ferrocene/ferrocenium couple. The results for one chip with different-sized electrodes are shown in Table
3-2. Since limiting current is proportional to electrode radius, [11, 12] the largest curves (darkest green)
are for 40 m electrodes, while the smallest curves (lightest green) are for 10 m electrodes. For each
electrode size, all four columns, and all eight rows were plotted on top of each other. Immediately visible
is the fact that as electrode size increased, differences became more apparent. The 10 m and 20 m
electrode curves have very little spread, while the 30 m electrodes show much more spread, and the 40
m electrodes appear to fall into three or more distinct groups. Results from other chips were similar,
and sometimes showed even more spread between larger-size electrodes. The difference in calculated vs.
nominal diameter (see Table 3-2) could be attributed to the fact that electrodes were recessed by 1.6 m,
but this effect should affect smallest electrodes the most, and the biggest electrodes the least, which is
not seen. In fact, correcting for the recess still does not account for the smaller current recorded. [15]
Nominal diameter
Calculated diameter Corrected diameter
10 m
5.4 ± 0.34 m
7.6 m
20 m
12.7 ± 0.62 m
15.2 m
30 m
19.4 ± 1.1 m
22.1 m
40 m
23.7 ± 2.3 m
26.1 m
Table 3-2: Nominal and calculated electrode sizes based on ferrocene characterization. The calculated diameter
assumed a flat disk electrode while the corrected diameter assumed a recessed disk electrode.

3.4.4 Pyrrole deposition
When electrodes were deemed sufficiently clean, pyrrole deposition would be performed using
amperometry from a solution of 0.1 M monomer in 0.1 M tetraethylammonium perchlorate in
acetonitrile. The pyrrole monomer polymerized on the electrode and the current was measured and
integrated to determine the total charge deposited. Generally the first column of the chip was used for a
linear sweep in order to determine the deposition voltage; as Figure 3-11 shows, there was no
electropolymerization current below ~0.5-0.6 V, but then it increased in an exponential manner above
~0.6-0.8 V. A suitable voltage was thus chosen, so that polymerization would happen relatively quickly, in
about 5-10 s. A number of sweeps performed at different rates on different-size electrodes are shown in
Figure 3-11. From these curves, it is already clear that there were differences across a given chip
Deposition was usually done on a column-by-column basis, and even though deposition voltage
was kept at the same value for a whole chip, or sometimes for several chips in a row, and current was
integrated, results were often not reproducible. Since the pyrrole monomer is transparent and the
polymer is a dark brown to black, it was possible to see polymerization on the electrodes. Generally,
intra-column uniformity was greater, than inter-column uniformity, with some columns showing
overgrown polypyrrole while others just had a dark grey film on them and little texture. Some examples
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Figure 3-10: Electrode characterization of different-size electrodes using ferrocene single electron redox couple.
All sweeps were performed at 20 mV/s.

.

Figure 3-11: Pyrrole deposition curves on different-size electrodes. a. 10 mV/s; b. 20 mV/s; c. 50 mV/s; d. 100
mV/s.

of polypyrrole growth on electrodes can be seen in Figure 3-12c and Figure 3-14b-c. In Figure 3-14c the
resulting differences in growth between the voltammetric sweep (furthest right two columns) and
subsequent chronoamperometric integrations (all other columns) can be seen. Figure 3-14b shows the
texture of the polypyrrole, which has a bulbous, cauliflower-like structure.
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Figure 3-12: Chip with 25 m diameter electrodes; the same part of the same chip is shown in all three images to
demonstrate effects of electrochemical cleaning and electrodeposition. a. Before cleaning; b. After cleaning in
H2SO4; c. After pyrrole deposition.

3.4.5 TPT deposition
TPTC11 was also deposited amperometrically from monomer solution in acetonitrile. Unlike polypyrrole,
poly(TPTC11) is not a conducting polymer, and therefore its deposition curve had a different shape, which
results from the self-limiting current. TPTC11 could also be seen on the electrode under a microscope if
deposited directly, but if polypyrrole had already been deposited, it was difficult to observe a difference
between electrodes with and without TPTC11 over polypyrrole.

Figure 3-13: TPTC11 deposition sweeps on two adjacent columns of the same chip. a. Normal behavior on one
column (eight curves are overlaid) shows self-terminating deposition b. Strange behavior on the adjacent column
where deposition currents are negative and have a different shape than in a.

The differences in appearance and texture between polypyrrole and poly(TPTC11) can be seen in
Figure 3-14, where Figure 3-14a shows TPTC11 deposited directly onto the Pt electrode while Figure
3-14b-c show TPTC11 deposited on top of polypyrrole. TPTC11 forms a thin dark film on the electrode,
but does not have the bulbous structure like polypyrrole. Even after multiple washes with monomer-free
acetonitrile, residue still remained on the chip after deposition.
Deposition of TPTC11 sometimes resulted in delamination of the polypyrrole layer that had been
deposited earlier. Because optical inspection following deposition was not useful for determining
deposition success, integrated charge was the only measure of whether and how well deposition
occurred. Unfortunately, negative currents and strange deposition curves, like those shown in Figure 3-13
were often seen.

30

Chapter 3: Label-free DNA sensor

3.4.6 DNA immobilization
After the pyrrole/TPTC11 bilayer had been deposited, the chip was washed several times with AcCN and
then dried. The chip could additionally be dried in mild vacuum to remove access AcCN. Mg2+ ion
incorporation onto the bilayer was done in 0.5 mM MgCl2 in 1 mM HCl for one hour. If the solution could
be stirred, as was possible with the dipstick packaging, then stirring was performed. Chips were then
rinsed with buffer, either 0.1 M Tris / HCl or 0.1 M Tris / HCl with 0.1 NaCl, and then incubated in buffer
at an elevated temperature, like 50 °C, for one hour. Chips could also be aged electrochemically or left
overnight in buffer. Immediately after depositions were done, the bilayer was the most mutable, and its
electrical properties changed over short periods of time. It was important to either wait before using the
sensor, by preparing it a day or more in advance of doing experiments, or to age it artificially, or both,
because otherwise results would be very difficult to interpret. CVs were also done at this time both to age
the immobilization layers and to create a baseline for later experiments.

Figure 3-14: Polypyrrole and poly(TPTC11) deposition on different-size electrodes. a. TPTC11 deposited directly on
Pt electrodes forms a dark and smooth film on the electrode. b. TPTC11 deposited on top of polypyrrole cannot be
readily distinguished from polypyrrole alone. The bulbous structure of the polypyrrole can be seen underneath the
TPTC11. c. Deposition column-by-column of both pyrrole and TPTC11 looks generally uniform, but also betrays
differences, like adhesion failure: see the blank electrode in the second column from the left, second from bottom.

Probe DNA was diluted in Tris / HCl buffer at concentrations in the nM to M range and
incubated on the prepared chip for 30 minutes. Another set of CVs was performed at this time, which was
expected to look like Figure 3-15. Because the probe DNA added negative charge to the electrode system,
the measured current during cyclic voltammetry was expected to be smaller than with Mg2+ alone. It is
important to notice that while six of the eight electrodes shown in Figure 3-15 display the expected
behavior to the same degree, two electrodes show different behavior: electrode 0 (top left) also shows
31

Part I
diminished current following probe application, but the change is significantly larger than on other
electrodes, and electrode 5 (second column, second from bottom) shows only slightly diminished current.
In this case 24 bp ssDNA was used diluted to 20 M in the buffer and incubated on the chip.

3.4.7 DNA hybridization detection
DNA hybridization was performed in the same Tris / HCl buffer. Both complementary and noncomplementary DNA were used on the same and different chips in order to observe differences in
current upon (possible) hybridization. Just as before, cyclic voltammograms were performed to observe
differences in current.

2+

Figure 3-15: CVs of the bilayer with Mg ions (black) and 24 bp probe DNA (green) attached. The measured
current was affected by the presence of the ssDNA, and was therefore smaller.

Figure 3-16 shows CVs performed on two chips with 18 bp probe and target DNA; in Figure 3-16a
the target is a complementary strand while in Figure 3-16b the target is non-complementary. Although in
both cases the current decreased, and the CVs for the probe alone in Figure 3-16b are larger than the CVs
for probe alone in Figure 3-16a, if the difference in areas is divided by the area of probe alone, there is a
slightly larger percentage change for complementary DNA than non-complementary (30.6% vs. 23.7%). If,
however, the results of all of the 40 m electrode measurements on the given chips were averaged
together, the difference disappeared (23% vs. 22.5%).

3.5 Discussion
In spite of our best efforts, the measurements of DNA hybridization never worked reproducibly and
reliably the way that we originally imagined so that we were not able to progress the project in any
meaningful way. The packaging of the chip and its limitations were significant sources of variability,
mostly as a result of packaging with the PDMS stamp. Silicone residues on electrodes are very difficult to
remove, and without the possibility to physically polish or grind the electrode surface, other cleaning
techniques, such as oxygen plasma and the electrochemical protocols described, were not sufficient.
Although the change from PDMS stamp packaging to non-PDMS packaging were not so obvious from
cyclic voltammograms in H2SO4, the largest differences were in deposition of layers and subsequent

32

Chapter 3: Label-free DNA sensor
steadiness of voltammograms over time. Adhesion of the bilayer also seemed to improve once the PDMS
stamp was no longer used. Interestingly, a couple of years after these findings were made there was
another project within our group involving electrochemical deposition of Au onto Pt electrodes. It was
found that if chips were packaged using a PDMS stamp, deposition was highly unreliable and usually
impossible.

Figure 3-16: DNA

black) and 1 M 18 bp non-complementary DNA

(blue).

The inability to control the cleanliness of the chip was another large problem that was
underestimated. The bulky packaging of the CMOS chips, including epoxy, which was quite reactive to
solvents and acids, made it very difficult to impossible to effectively clean the chip. The electrode
cleaning / refreshing method most often used by electrochemists is polishing. [11] Since electrodes were
recessed and protected by a passivation stack, it was not possible to physically clean the electrodes.
Other methods often used include aggressive acid combinations, like piranha solution to destroy organic
materials, and aqua regia, which is used to etch metals. One group that tested 17 different cleaning
techniques for Pt electrodes found that the best cleaning method was the three step process: cleaning
with aqua regia, positive and negative pulses in H2SO4, followed by flaming. [16] Clearly two of those
three steps were not possible on the chip. Piranha solution was tested on a packaged chip and it reacted
very strongly with the epoxy, changing it from clear to black and probably leaving more unknown
chemical products than it had eliminated.
The deposition methods and chip layout made experiments difficult. Pyrrole and TPTC11 were
both deposited on a column-by-column basis, because it was never well known what the deposition
voltage should be nor how well the deposition would work. While intra-column differences tended to be
smaller than inter-column differences, there were also many exceptions to this trend. Simultaneous
deposition on all electrodes probably would have been a better strategy, especially for the pyrrole, if the
deposition voltage could have been known beforehand. Efforts were taken to make sure that deposition
solution was oligomer-free, but once a deposition was performed in that solution, it is likely that dimers
and larger oligomers were created in solution and changed the potential for subsequent depositions on
the same chip. While the TPTC11 was not electrically conducting, and perhaps not as sensitive as the
pyrrole, these considerations apply to it as well. Additionally, acetonitrile evaporates quickly thus
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changing the concentration of the deposition solution and therefore also the potential. Since liquid
volumes were small and depositions were performed in a chemical hood, evaporation was observed.
Refilling the deposition solution and capping the small reservoir helped with this problem.
Although their earlier papers did not mention purification of chemicals, later papers from
Josowicz and Janata did specify that pyrrole was distilled before use, that TEAP was recrystallized before
use, etc. Naturally, we also worried about chemical purity and performed these procedures when it was
within our capabilities. An important procedure that we also had to perform was the chemical conversion
of the TPTC11 salt into an acid. While the procedure itself was relatively straightforward, the results of
the conversion were not very reproducible. We performed NMR analysis on both the salt precursor and
the acid form, shown in 8.3Appendix B, and the results indicate that the procedure was correct and the
end product was what we expected. Because we only had a small quantity of the precursor, and it had
limited stability in solution, small quantities were converted each time. Dissolution of the TPTC11 was
difficult, and it was hard to extract from vessels after drying. In Figure 3-7 two conversions are shown
with a large amount of the TPTC11 precursor (60-90 mg), which then had to be dissolved in
dichloromethane or chloroform because of its limited solubility in other solvents. Even then, the TPTC11
tended to percipitate out of solution either into crystals or by coating the walls of the bottle with a film,
and was difficult to get back into solution. As a result, it was always difficult to know the concentration in
the solution, which probably changed between experiments.
Readout of the chip necessarily had to be performed on this same column-by-column basis
because connecting all columns together would have destroyed the spatial resolution: signals from
different columns could not have been distinguished from one another. Since CV sweeps were performed
at 50 mV/s, and many scans had to be performed before a steady CV was obtained (six to ten for pyrrole
covered electrodes), there was a long delay between the first measurement on a given chip and the last
one. Given a range of 2 V per CV at 50 mV/s and six scans per column, means that 90 minutes passed
from the time the first column was evaluated until the last one was evaluated.
Since there were many problems with both deposition and readout, we wanted to use another
method of verifying the presence of ssDNA and hybridization. Several attempts at using fluorescently
labeled DNA oligonucleotides all failed to show that ssDNA was being immobilized on the electrode. Since
there is some evidence that polypyrrole may quench fluorescence, we tried a couple of different
fluorophores that we thought might not be quenched: first Alexafluor 350, and later ATTO 550. Neither of
these fluorophore markers was successful in helping to detect immobilized ssDNA. Others have found
that the thickness of the polypyrrole layer and the distance between pyrrole and fluorophore affect the
fluorescence signal that is recorded. They found that polypyrrole deposition thickness could be optimized
for either electrochemical detection or fluorescence detection, but not both. [17] Based on our deposited
layers and parameters from the literature, we believe that we should have been able to detect
fluorescence if the ssDNA had been properly immobilized. Our last idea was to purchase biotinylated
ssDNA and streptavidin labeled fluorophores so that DNA attachment to the sensor and proper
orientation could take place first and then the label could be added, however we ran out of time to do
the experiment. Josowicz and Janata were also unable to verify ssDNA attachment or DNA hybridization
with fluorescently labeled DNA or any other secondary method, although what procedures and
fluorophores they tried is unknown.
One explanation for some of problems that we experienced during deposition and readout had to
do with the circuitry of the chip itself. The sigma-delta modulators on the chip showed an effect known as
a dead zone: a change in input current that did not cause a change in the output. The dead zones were
most noticeable around zero current (in the 1-10 nA range) and at lower salt concentrations, and were
prominent when smaller values were used for the integrator capacitor, as was necessary to get better
resolution of smaller currents from small electrodes. Clearly dead zones are particularly problematic
when doing cyclic voltammetry, since the whole idea of the procedure is to slowly vary the potential
while measuring current. If the changes in current, while passing through zero in the several nanoampere
range were not being measured properly, then the subtle effects of DNA hybridization could be partially
obscured.
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Chapter 4
Conclusion and outlook for part I
4.1 Conclusion
The measurement of DNA hybridization was not reproducible enough to warrant further investigation.
While some problems, such as the usage of the PDMS stamp during packaging, had serious effects on the
experiment, many of the other problems were smaller and more difficult to identify. If one or two major
problems could have been identified and solved, then the measurement scheme might have worked, but
there seemed to be many small problems that all added to each other and could not be disentangled
from one another. It also appears that published results were best-case scenarios, and not typical results.
A new electrochemical array (ECA) chip was developed in our group, [1] whose initial purpose
was to replace the DNA chip used in the previously described experiments. Because the ECA chip built on
the previous chip and significantly improved it, there is the possibility that some of the problems that
frustrated the DNA measurements could have been resolved with the ECA. For example, the problem of
dead zones was addressed in the new chip, and the effect was eliminated.
It is likely that the deposition methods and readout protocols should have been adapted from the
methods established by Josowicz to better work on the CMOS chip. Rothe established a number of
deposition methods on the ECA chip that were reproducible and robust. [2] Although he did not attempt
to deposit polypyrrole on the chip, he did deposit other conducting and non-conducting polymers. What
he noticed, especially on blank electrodes, was that when chemicals were introduced onto the array,
even electrodes that were not used for sensing, if used later, had been affected, fouled perhaps, by
contact with chemical species.

4.2 Outlook
Although a new electrochemical chip exists, and new deposition methods have been established, in all
likelihood the DNA measurement scheme will not be pursued. One reason for this is that there is no clear
way to go beyond the measurements that have been made and fully utilize the capabilities of the array
format. The new ECA chip, while keeping to a similar geometry, has even more working electrodes (1024
vs. the previous 576), which should be taken advantage of. The obvious use of these would be to
immobilize different ssDNA on different electrodes, so as to be able to detect multiple short sequences
within a single sample, or to screen multiple samples with the same chip. This could be accomplished by
using a spotting machine to spot different ssDNA samples onto different electrodes. The geometry of the
chip is such that this would be possible. Such machines are expensive, but would be useful if the spotting
method could be done in parallel. Alternately, it should be possible to create a microfluidic attachment in
order to do the spotting without a large machine. This attachment would have to be detachable,
however, so that some procedures (such as deposition, washing, and some measurements) could be
performed without it, while other procedures (such as probe deposition) could be performed with it
attached. Making such an attachment would be possible, but it would also add complication to the chip
packaging. It would be more elegant, of course, to perform this selective immobilization by using the
array, e.g., using electrostatic interactions to attract or repel either the Mg2+ ions or the ssDNA to specific
electrodes. While we never attempted this approach, its implementation would be very difficult and
perhaps impossible in a reproducible fashion.
The other reason that this DNA measurement scheme will probably not be pursued is that a large
number of DNA sensors have emerged both in the literature and on the market, and there is no clear
advantage of the current method, even if it would work robustly. Currently, very small concentrations of
samples can be measured quite accurately and rapidly. [3] Electrochemical approaches that use
intercalating chemicals have become incredibly sensitive, so that single base pair mismatches can easily
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be discerned. [4, 5] Since our method was neither as accurate nor as sensitive, it would not be very
competitive in the literature nor on the market.
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Chapter 5
Introduction to part II
5.1 Neurons and action potentials
A neuron is the basic computational unit in the brain. While there are perhaps 10,000 or more different
morphological classes of neurons in the vertebrate brain, there are some basic characteristics that apply
to most or all of them. All neurons are electrogenic cells that communicate with one another using
electrochemical signals through special connections known as synapses. Most neurons are made up of a
cell body or soma, a tree of dendrites that carry signals from pre-synaptic cells to the soma, and a single
axon that carries the signal away from the soma and to post-synaptic cells. Communication between
different cells happens via electrical or chemical synapses. Electrical synapses, known also as gap
junctions, are direct connections between cells that allow diffusion of ions and molecules between cells,
and thus directly electrically connect two cells to one another; they make up the minority of synapses in
vertebrate brains. Chemical synapses are much more prevalent, making up the vast majority of synapses
in the central nervous system. Chemicals, known as neurotransmitters, are released by pre-synaptic cells,
which then diffuse across a narrow channel, the synaptic cleft, and bind to receptors in the post-synaptic
cell. Within a neuronal cell, the signal is conducted by ions, whose initial concentrations are determined
by the types and amounts of neurotransmitters that bound to receptors. If concentrations of cations are
high enough, the result, known as an action potential, is the primary response of a neuron that then
further transmits the pre-synaptic signal.
In order to understand the generation and propagation of an action potential within a neuron,
some knowledge of cell biochemistry is needed. All cells have a plasma membrane made of a lipid bilayer
and various transmembrane proteins. All vertebrate cells have a non-zero membrane potential, meaning
that the inside and outside of the plasma membrane are not at the same potential. The membrane
potential ranges from -40 mV to -80 mV, depending on cell type and region, which is maintained by ion
channels and ion pumps, made of proteins, in the cell membrane. While diffusion works to balance
differences in concentration in solutions, ion pumps use active transport (energy from the cell) to alter
the concentrations of key ions. In neurons the sodium-potassium pump, Na+/K+-ATPase, maintains a 20
times greater concentration of K+ inside the cell than outside and a nine times greater concentration of
Na+ outside the cell than inside. Ion channels provide unidirectional passive transport for certain ions
(they are selective for a certain ion type), but they can change their conformation based on
electrochemical signals and thus be open or closed to ion transport. The two main types of ion channels
relevant for neurons are voltage-gated ion channels and ligand-gated ion channels. Voltage-gated
channels change their conformation depending on the membrane voltage, thus if the cell membrane is
depolarized by a small amount, some proportion of ion channels will open and allow an exchange of ions
between the inside and outside of the cell. Ligand-gated channels open when a particular molecule, such
as a neurotransmitter, binds to it. The major ions in the nervous system are Na+, K+, Ca2+, and Cl-, and they
each have a corresponding ion channel, although some of these are more important or better understood
than others.
The membrane potential can be calculated using the Goldman equation, whose form resembles
the Nernst equation (see Section 2.2 for more information):
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where PMi are the membrane permeabilities of the different ions and [Mi] are their concentrations inside
and outside the cell membrane. In most animal cells, the permeability of potassium ions is much higher
than the other ions, so the resting membrane potential is close to the potassium equilibrium potential
(around -80 mV, which can be calculated from the Goldman equation for potassium using the equilibrium
concentrations mentioned above).
Now the generation and propagation of an action potential can be explained. Dendrites, being
the afferent processes, have small protrusions on them called spines, which have high concentrations of
ligand-gated ion channels. If the pre-synaptic cell is excitatory, then the likely neurotransmitter (and
ligand) will be glutamate, and its binding to ionotropic glutamate receptors in the cell’s spines will cause
an opening of the channel to cations. Depending on the subtype of the receptor, it may or may not be
specific to certain cations. For example, AMPA (-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors with GluR2 subunits will not allow passage of Ca2+, while those lacking GluR2 subunits will allow
Na+, K+ as well as Ca2+. If the pre-synaptic cell is inhibitory, then the likely neurotransmitter will be GABA
(-aminobutyric acid) and its binding to an anionic receptor will open a channel allowing Cl- ion influx to
the cell. While a single binding event will not cause enough of an influx of ions to locally change the
resting membrane potential of the cell, many binding events within a short time period will cause such an
event. The most sensitive part of the neuron is the axon hillock, the area on the soma from which the
axon starts to grow, and it is characterized by a very high concentration of voltage-gated Na+ channels.
Once the ions diffuse across the cell body from the dendrites to the axon hillock, also called the axon
initial segment (AIS), they may cause a local depolarization of the membrane. If the depolarization is
small (5-10 mV), a small percentage of voltage-gated Na+ channels will open, allowing Na+ to enter the
cell, but this inward current will be dominated by a K+ ion efflux resulting from the opening of voltagegated K+ channels. If the depolarization is larger (15-20 mV or more), then more of the Na+ channels will
open and allow a larger concentration of Na+ into the cell, which will further depolarize the membrane,
which will open still more Na+ channels in a feedback loop until all of the channels are open. This
depolarization will happen very quickly (1 ms) and will be on the order of 100 mV. Voltage-gated K+
channels will subsequently also open allowing the efflux of K+ ions from the cell.
At the peak of the action potential, the Na+ channels will be maximally open and the membrane
potential will approach the Na+ equilibrium potential (about 59 mV, from the Goldman equation). Around
this time Na+ channels will inactivate while K+ channels remain open, counteracting the Na+ current. As a
result, the membrane potential will fall once again, and actually overshoot the resting membrane
potential, hyperpolarizing the cell, because the K+ channels are still open. The action potential will
propagate along an axon as adjacent membrane patches undergo the same process of channel opening
and closing as a result of depolarization. Na+ channels go through four phases during this process:
deactivated, activated, inactivated, and then deactivated again. This is important because the
consequence is that just after a section of membrane has fired an action potential, it cannot fire one
again for some time; this time period is called the refractory period. This mechanism ensures that an
action potential will only travel in one direction along an axon. Another important consequence to be
gleaned from this description is that action potential output is not proportional to input, in the sense that
any depolarizing potential that is large enough to cause action potential generation in the AIS is expected
to create the feedback mechanism that results in opening all of the Na+ channels in a portion of the
membrane.
Once the action potential reaches the ends of an axon (while many neurons have only one axon,
that axon generally forms many branches), it can trigger the release of neurotransmitters to carry the
signal to the post-synaptic cell. Neurotransmitters are stored in synaptic vesicles at the axon terminals or
boutons, and their release is regulated by Ca2+ influx, which results from an opening of voltage-gated Ca2+
channels. The Ca2+ binds to proteins that allow the synaptic vesicles to fuse with the cell membrane and
release their contents into the synaptic cleft in order to bind to ligand-gated channels and restart the
process of action potential propagation in the post-synaptic cell. Unused or unneeded neurotransmitter
molecules may be taken up again by the cell or they may be cleared by glia, special cells that provide vital
support for neurons.
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5.2 Techniques for recording neural activity
While many aspects of neurons are interesting, including the myriad types and their functions, as well as
the molecular diversity of their membrane proteins, the study of their communication is particularly
fascinating. Neuronal electrophysiology is a field that has been around for almost 100 years, and which
cannot possibly be adequately covered here, but whose important aspects and techniques will be briefly
described. Beginning with small extracellular electrode measurements in the 1920s, to intracellular
recordings using the patch clamp technique, which have enabled the study of single cells, ion channels, as
well as cell to cell communication and connectivity, and are still in use today, we have come full circle to
extracellular electrodes in the form of microelectrode arrays capable now of monitoring the activity of
many cells at once.

5.2.1 Patch clamp
The voltage clamp technique, developed in the 1940s, was the predecessor to the more ubiquitous patch
clamp technique in use today. In order to study voltage-gated ion currents through the cell membrane,
the cell could be clamped at particular voltage values independent of currents in order to study the
relationships between the two. Originally this technique required two electrodes and employed tiny
wires that were used to impale a cell or large axon. The relatively large size of the electrodes and small
size of cells informed the choice of preparations: large invertebrate systems were chosen, most famously
the squid giant axon, which was long, easily accessible and up to 1 mm in diameter. Glass pipettes
containing electrolytes were later also used with the voltage clamp technique, and these later evolved to
become the patch clamp, a single electrode technique that could be used to study smaller cells. Of course
a second (reference) electrode in the electrolyte solution was necessary as a path for the return current.
The patch clamp method employs a pipette filled with an electrolyte with a metal or chlorinated
silver wire electrode inside. The pipette diameter is larger (~1 m) and depending on its placement next
to a cell, it can record extracellular spikes (in ‘single unit’ mode) up to intracellular recordings (in ‘whole
cell’ mode), which are made by disrupting the cell membrane with the patch pipette and accessing the
intracellular volume. This method can use both voltage clamping in order to access individual ion
channels or current clamping: supplying a fixed current and monitoring voltage changes in the cell.
Most of modern electrophysiology owes its findings to the patch clamp technique and its
predecessor the voltage clamp. Some of the first findings made by Hodgkin and Huxley using the squid
giant axon preparation, which yielded a model of ion channels and action potential propagation, and won
them a Nobel Prize, are still used as a basis for models today. The study of dendritic integration, the
computational-like manner in which dendrites filter and correlate temporal and spatial components of
signals and integrate them on a scale to facilitate action potential generation, [1] was made possible by
patching cell somas and even dendrites. [2] There are, however, some disadvantages of the patch clamp
that limit its uses. The limited lifetime of the patched cell means that experiments can only be performed
for a couple of hours. The technique also does not scale very well. Experienced patch clampers might be
able to simultaneously patch several cells at once, but could not possibly patch tens let alone hundreds of
cells. Even though the techniques were first used to study axons, the tiny size of vertebrate axons
(fractions of a micrometer) make it impossible to continue axonal study except in certain types of cells.
[3]

5.2.2 Optical techniques
Fluorescent indicators that attach to Ca2+ ions thereby increasing their fluorescence have been used for
physiology as well. Both chemical and genetically encoded Ca2+ indicators exist, and their utility has been
increasing with their brightness. Since the patch clamp technique requires the use of a fluorescent or
two-photon microscope anyway, fluorescence imaging is fairly convenient for monitoring activity of nonpatched cells. Voltage sensitive dyes have also been used to monitor cell dynamics. These are dyes whose
spectral properties change depending on voltage. Some optical techniques, such as Ca2+ imaging, tend to
be too slow to monitor action potential dynamics, and some voltage sensitive dyes are equally slow.
Other fast voltage sensitive dyes, as well as Na+ and K+ indicators are fast enough for physiological
measurements. In many cases calibration and optimization have to be done in order to create optical
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signals that are bright and reproducible enough to be useful. Pharmacological side effects and photo
bleaching are also possible problems.

5.2.3 Microelectrode arrays
Multielectrode or microelectrode arrays (MEAs) are currently the best available technology for studying
network physiology since they are truly meant for recording from many cells at the same time.
Depending on the type of array, whether it is planar or 3D, low density or high density, it may be used for
in vitro or in vivo experiments looking at group or single unit activity, and made of passive substrates or
featuring integrated electronics. MEAs have been used for in vitro neuronal studies using invertebrates
[4] and vertebrates, [5] dissociated cells [6] and intact ganglia. [7] MEAs have been used to control robots
[8] and even implanted into humans. [9]
The first planar MEAs were made in the 1970s already using photolithography techniques used in
the present day. Heart cells were monitored in vitro using 30-electrode arrays of platinum-covered gold
that were read out with an oscilloscope. [10] Snail neurons were cultured on 36-electrode arrays and
single unit [11] as well as multiunit read out were possible. [12] In 1980 the first MEA with bidirectional
capabilities was constructed; featuring 8x10 m2 electrodes, it was used to record signals from
mammalian neurons. [13] Since those times when individual labs were making their own passive MEAs,
several companies have started to make and sell the individual chips housing the MEAs as well as the
entire system for readout, amplification and stimulation, and software for interfacing. Multi Channel
Systems MCS GmbH makes in vitro systems with 32 to 256 TiN passive electrodes per substrate.
Electrode diameters range from 8 m to 30 m, pitch ranges from 30 m to 100 m, and the chips are
quite transparent, enabling microscopy from both sides. They also offer in vivo systems, including
wireless head stages with four to 32 channels. Plexon Inc. makes only in vivo systems, including a range of
different needle electrodes and needle MEAs. The inherent limitation for passive MEAs, however, is that
every electrode, needle, and wire has to be routed out from the array to the electronics, and only at that
time can the signal be amplified, digitized and filtered. Multi Channel Systems fairly impressive 30 m
pitch is quite small, but since only 16 x 16 electrodes can be routed, the entire array is less that 0.5 x 0.5
mm2, which limits its usability.
The integration of an MEA into complementary metal-oxide-semiconductor (CMOS) technology
enables many possibilities including increased readout channel count, decreased electrode pitch, and the
possibility to significantly increase signal to noise. There are, however, tradeoffs in technology that are
necessary when high spatial and temporal resolution is desired. Reading out all electrodes requires
amplification and filtering at the electrode itself, which means that electrode pitch and noise trade off
with each other. [14] Sampling frequency is also important because noise can be driven into a higher
frequency band and therefore it may interfere with the signal of interest. [15] Berdondini et al. designed
an active pixel sensor (APS) MEA with 4096 electrodes that could be read out simultaneously at a rate of
7.8 kHz/channel. [16] Featuring 20 x 20 m2 electrodes and an electrode density of 625 electrodes/mm2,
they can operate in full frame mode or zoomed-in mode, which enables a faster sampling rate (up to 20
kHz) as a result of the smaller number of pixels that are read out. Signals are preamplified on-chip and
then multiplexed via 16 analog channels to an FPGA that controls a bank of ADCs as well as control and
timing of the APS-MEA. Because the pixels are dc-coupled, auto-zeroing calibration has to be performed
on a regular basis to get rid of offsets. [15] They validated their MEA on cardiomyocytes as well as
primary neurons [16] and show that they can effectively follow burst dynamics over different temporal
and spatial scales using the different modes available on their chip.
Fromherz et al. created a 16,384 multi-transistor array (MTA) with a spatial resolution of 7.4 m
on an area of 1 mm2. The voltages arising from neuronal spiking modulate a drain current through a
series of capacitances of the top electrode layer and the gate oxide. They then apply a bias voltage
between the chip and a bath electrode, and having previously calibrated the effect of this voltage on
drain current, they are able to read out neuronal spikes. They report RMS noise of 40-80 V and a
readout frequency of 6 kHz. [17] They were able to culture mammalian neurons on their array and record
signals from them. They performed studies using rabbit retina and were able to distinguish different
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propagation velocities in axons belonging to different types of retinal ganglion cells following lightinduced stimulation. [18]
Frey et al. took a different approach to MEA design by decoupling electrodes/pixels and readout
channels using a switch matrix underneath the electrode array. They maintained high electrode densities
(3200 electrodes/mm2) but sacrificed the ability to read out all electrodes at once for lower noise levels
and higher readout frequencies. Featuring 11,011 Pt electrodes, and 126 reconfigurable readout
channels, on-chip circuitry includes three gain stages, filtering and digitization on chip at 20 kHz resulting
in RMS noise of 4 V. [14] Their system has been used to study Purkinje cells in acute slices, [19] axonal
propagation in dissociated cortical cells, [20] retinal ganglion cell types. [7]

5.3 Stimulating neurons using microelectrode arrays
Neurons and the extracellular environment constitute a complicated electrochemical system, and the
theory in Chapter 3, describing the electrode-electrolyte interface, the electrical double layer, faradaic
and non-faradaic charge transfer, applies to neurons and microelectrode arrays. The theory is particularly
important when stimulation with the microelectrode array is considered. This section draws on three
excellent reviews of stimulation with extracellular electrodes, which contain a lot details including the
relevant theory, electrode materials, in vivo stimulation, stimulation efficacy, etc. [21-23]
The primary goal when stimulating cells or tissue is to elicit a selective response, an action
potential in the intended cell, while minimizing damage to the cell, the cellular environment, and the
MEA chip. Once these primary concerns are taken care of, additional effort may be used to minimize the
stimulation artifact. [24] In vivo applications utilize current stimulation almost exclusively, partially
because the electric field near the electrode can be calculated easily and current stimulation is thought to
be better understood, [25] and partially because current stimulation gives better control and scales with
time, e.g., a longer pulse elicits a greater response [21]. The HDMEA used in this thesis has both current
and voltage stimulation capabilities, but the current stimulation has not been fully characterized and is
very rarely used. Although voltage pulses are believed to be less reliable and less reproducible, they
ensure that the system stays within safe voltage limits, so that neither the tissue nor the chip is damaged
via electrochemical effects: reduction or oxidation of species in solution.
The general principle for safe stimulation, with either voltage or current, is to stay within the
‘water window,’ the range shown in Figure 3-3 between the O2 and H2 gas evolution regions, and to avoid
the onset of irreversible faradaic processes, which can produce damaging chemical species. One
possibility is to use very small over potentials when stimulating, thus limiting the reaction to non-faradaic
processes. If no charge transfer occurs, no damaging species can be created. Generally this type of
stimulation is not enough to trigger an action potential in a cell. Kinetic control at the electrode means
that the rate of electron transfer is determined by the electrode potential and is not mass-transport
limited. If an electrode reaction has fast kinetics, then irreversible reactions may be avoided by charge
balancing the reaction, e.g., a positive pulse followed by an identical negative pulse, resulting in no net
change of reactants. Oftentimes, both faradaic and non-faradaic processes are involved in the stimulation
reaction.
The material from which the stimulation electrode is made must be biocompatible, is important
in determining the window available for stimulation, and may have other useful or relevant properties.
Certainly the electrode should not be made of a toxic material, such as silver, nor something that will
corrode, such as aluminum. Non-toxic and non-reactive materials are the only ones suitable, and they
include gold, platinum, iridium oxide, titanium nitride, as well as some conducting polymers such as
PEDOT. In addition to being biocompatible, platinum is a good electrode material because it has a high
pseudocapacity: faradaic electron transfer occurs, but the product stays bound to the electrode resulting
in recoverable reactant—a pseudo-reversible reaction. The result is a high amount of charge available for
stimulation. The mechanism for stimulation with a platinum electrode is thus both faradaic and nonfaradaic (capacitive). Additionally, a large counter electrode is needed to keep the potential there fairly
constant so that there is little faradaic current.
Finally, the types of waveforms used for stimulation are important. Generally either monophasic
(positive or negative) or biphasic waveforms are used, but more complicated waveforms are also
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possible, and may help to reduce stimulation artifacts. When current stimulation is used, monophasic
waveforms have been observed to cause much more damage to cells and tissue in vivo at lower current
densities. Biphasic, charge-balanced waveforms in similar preparations could be used with much higher
currents while causing less damage. [21] Although the mechanism that causes damage is still not clear
(some believe it is electrochemical in nature, while others believe it relates to excitotoxicity and
chemicals released from the cells during stimulation), it appears that the charge per phase is important
and as long as it stays below a certain threshold, should not cause serious damage. [26] Although during
current stimulation current is controlled, resulting voltages could be quite high, and could initiate
reduction/oxidation processes, even gas evolution, at the electrode. Voltage stimulation, on the other
hand, tends to be safer, but only has an effect at the beginning or end of a pulse when the current is
changing. A fairly exhaustive study found that biphasic voltage pulses that were positive-first were very
effective at eliciting action potentials. [25] They additionally found that once the pulse duration was
above a certain threshold, there was no strong dependence on duration length, and that the effective
stimulation impulse was the first downward transient in the waveform, e.g., the downward swing from
the positive to the negative part of the pulse. Contrary to popular belief, they also found that voltage
pulses were more effective stimuli than current pulses that had reached the same peak voltage.

5.4 Axon information processing
Section 5.1 described the onset and propagation of an action potential, and explained that once the
depolarization reached some critical threshold (~20 mV), a feedback mechanism opening voltage-gated
Na+ channels would cause an avalanche-like reaction resulting in an action potential, whose size was not
proportional to the original depolarization. Consequently, action potential propagation along axons has
been termed ‘all or none,’ meaning that it is a digital response: it either does or does not happen and the
size of the spike is always the same. Implicit in this definition is the assumption that the action potential
will propagate all the way down an axon as adjacent patches of membrane depolarize, along all of the
branches, and cause neurotransmitter release at the synaptic boutons. This definition of axonal
properties comes from the original studies performed on axons by Hodgkin and Huxley, where they
studied sections of squid giant axons (whose diameters could approach 1 mm) and observed this type of
behavior. Already during these early studies, there was evidence of more nuanced behavior in axons,
including differences in excitability and propagation velocity in axonal branches, reflection at branch
points [27, 28], and conduction failure. [29, 30] This behavior was seen both in invertebrates and in
mammals. [31]
Later, when the patch clamp technique came into widespread use, its application to much smaller
mammalian cells meant that axons could no longer be studied while intact. Generally somas and dendritic
spines of some neuronal types were large enough to patch, while axons, whose diameters are in the
range of 0.1 – 0.5 m, became largely inaccessible. The only serious exception to this statement is that
slicing of brain tissue often cuts through axons, and the resulting injuries sometimes form axonal blebs,
which can be large enough to patch. The consequence of all of this was that dendritic integration was
studied using patch clamp while faithful axonal conduction was assumed because of a lack of access to
the axon.
Some preparations, such as monosynaptic connections between hippocampal cells [32] or setups
using extracellular electrodes [33] were able to observe interesting axonal modulation effects, similar to
what had previously been observed in invertebrates. Poolos et al. used hippocampal slices to study the
effects of repeated stimulation on excitability of CA1 afferents using patch electrodes to stimulate and
extracellular electrodes to record. [33] They additionally measured K+ concentrations with a K+ ion
sensitive electrode, and found that K+ levels rose with repetitive firing, similar to what Grossman et al.
deduced from experiments in spiny lobster. [29, 30] Poolos observed decreasing excitability followed by
conduction block occurring at frequencies as low as 20 Hz, and hypothesized that extracellular K+ levels
could be responsible for this behavior, an idea that they also tested by varying K+ levels in the
extracellular solution. Elevation of K+ concentrations mimicked high frequency stimulation effects, but did
not reproduce results exactly: small differences in behavior were seen. [33] Meeks et al. tried to repeat
and verify the effects of high frequency stimulation and elevated K+ using the CA3 region of hippocampus
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(again stimulating with patch and recording with extracellular electrodes). [34] From 15 – 30 Hz, they
observed faithful conduction of action potentials, but with axonal amplitude depression reaching 15% by
the 10th action potential. They could not verify the effect of extracellular K+, observing instead minimal
changes to the waveforms and less amplitude depression further along the axon compared to the axon
initial segment. They did, however, observe plateau potentials in high [K+] solutions, epileptiform activity,
which also resulted in strongly depressed action potential amplitudes along axons as well as propagation
failures. In cerebellum, spike were observed to propagate faithfully even at very high firing rates (>250
Hz) while complex spikes did show some failures. [35] Spike propagation could be predicted by spikelet
trough-to-peak amplitudes, with larger spikes propagating and smaller ones failing. For cortical layer 2/3
neurons, Cox et al. used two-photon Ca2+ imaging to show that action potentials from single spikes and
bursts reliably invaded axonal arbors, even when using hyperpolarizing current steps prior to action
potential initiation. [36] In their analysis, however, they only looked at very small numbers of spikes (<10)
and could not account for some observed changes in Ca2+ transients.
Aside from activity-induced action potential modulation and propagation failure, a number of
other mechanisms have also been observed, including action potential reflection, ephaptic interactions
between axons [37], and plasticity-induced velocity changes. [20, 38]

5.5 Channels to isolate axons
The first efforts to direct and isolate axonal growth with structures were performed by Campenot in the
1970s. [39] Using collagen-covered coverslips, which were scratched with a small rake-like instrument to
create grooves, and Teflon barriers on top to create compartments, they cultured neurons in a central
compartment and studied axonal outgrowth in the grooves. They found that if growth factors were
present in adjacent compartments that contained no somas, axons would grow toward the growth factor,
but would never grow into compartments that did not contain growth factor.
Since then, microfabrication tools have enabled the construction of much more complicated
microfluidic structures. Using the technique of soft lithography, pioneered by Whitesides, any lab that has
access to a cleanroom can design their own structures and then fabricate them in-house with a short
turn-around time. Using photo-patternable substrates, such as dry film resist and SU-8, structures with
dimensions of several microns to several millimeters can be precisely arranged and then fabricated.
Jeon’s lab created the first poly(dimethylsiloxane) (PDMS) dual chamber culture devices, which they have
used to study RNA expression in axons. [40, 41] They have since commercialized their products, which
can be bought online. A number of groups use these commercial devices for their applications, but many
groups build their own devices for special applications. For example, modifications of the axonal channels
have been made to orient neurite growth in a single direction. [42, 43] Channels that split in two have
also been constructed, which have been shown to separate neurite fascicles growing through them. [44]
Chemical gradients of growth factors were created using microfluidic jets and axons from cultured tissue
grew in response to chemical cues. [45] Most of these applications have been used in combination with
microscopy as a readout method.
Additionally, some groups have used MEAs with axonal channel devices or have made cuff
electrodes, and found that the increased resistance within the channels significantly amplifies
electrophysiological signals. [46, 47] Wheeler started out with substrate patterning [48] and later
constructed a five-compartment structure in the shape of a cross with channels connecting the
compartments. Long electrodes over which many channels were placed monitored communication
between the compartments, and were used to calculate action potential direction and velocity. [49] Later
still, they used commercial MCS MEAs along with PDMS channel devices and recorded burst activity in
the culture and created uni-directional cultures by plating chambers at different times. [50] ClaverolTinturé built simple electrode and chamber systems that could localize and record from single cells. The
chambers could be fabricated inexpensively, and then used to record from either the cell soma or part of
the axon. [51, 52]
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5.6 Summary
The electrical signals that cells, such as neurons, use to communicate can be detected and recorded using
specialized tools that have been developed over the last 70 years. The patch clamp can be used to record
intracellular signals and has enabled the study of mostly somas and dendrites. It can be used to study
many different types of behavior, but for limited amounts of time (hours) using a small number of patch
electrodes to study a single cell or several cells. Multielectrode arrays can be used to record extracellular
signals of a large cohort of cells over long time periods (weeks to months). MEAs have also facilitated the
study of axons, very thin structures in mammalian cells that were not accessible to the patch clamp. The
addition of microfabricated channel structures, that allow only axons to grow through them, has further
enhanced the study of axons with MEAs. The channels’ increased resistance amplifies axonal propagation
signals and allows the study of interesting behavior in axons such as propagation failure and ephaptic
coupling.

5.7 Collaborator and author’s contributions
The core team for this project included:
Urs Frey1: designed and constructed the HiDens CMOS chip.
Marta Lewandowska2*: designed and carried out all construction and fabrication of SU-8 moulds and
PDMS devices; performed chip packaging; helped with dissections; performed dissociation, cell plating
and cell culture; made culture medium and chemicals, designed experiments; wrote software for
stimulation and analysis; wrote papers.
Douglas Bakkum2*: did dissections, provided software and software support as well as helpful
discussions, ideas for experiments.
Miloš Radivojević2*: helped with dissections and cell plating, made cell culture medium and chemicals,
provided very helpful discussions, ideas for experiments.
David Jäckel2*: provided software and software support.
Jan Müller2*: provided vital hardware support.
Santiago Rompani3*: provided AAVs and performed microscopy related to AAVs.
Riley Zeller-Townson4: provided helpful discussions and ideas.
Olivier Frey2 and Zhen Zhu5: provided ideas and helpful consultation with regard to axonal channel device
fabrication.
Thomas Horn6 and Erica Montani6: provided help with image acquisition and microscopy support.
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The numerous connections between neuronal cell bodies, made by their dendrites and axons, are vital for
information processing in the brain. While dendrites and synapses have been extensively studied, axons
have remained elusive to a large extent. We present a novel platform to study axonal physiology and
information processing based on combining an 11,011-electrode high-density complementary metaloxide semiconductor microelectrode array with a poly(dimethylsiloxane) channel device, which isolates
axons from somas and, importantly, significantly amplifies recorded axonal signals. The combination of
the microelectrode array with recording and stimulation capability with the microfluidic isolation
channels permitted us to study axonal signal behavior at great detail. The device, featuring two culture
chambers with over 30 channels spanning in between, enabled long-term recording of single spikes from
isolated axons with signal amplitudes of 100 V up to 2 mV. Propagating signals along axons could be
recorded with 10 to 50 electrodes per channel. We (i) describe the performance and capabilities of our
device for axonal electrophysiology, and (ii) present novel data on axonal signals facilitated by the device.
Spontaneous action potentials with characteristic shapes propagated from somas along axons between
the two compartments, and these unique shapes could be used to identify individual axons within
channels that contained many axonal branches. Stimulation through the electrode array facilitated the
identification of somas and their respective axons, enabling interfacing with different compartments of a
single cell. Complex spike shapes observed in channels were traced back to single cells, and we show that
more complicated spike shapes originate from a linear superposition of multiple axonal signals rather
than signal distortion by the channels.

6.1 Introduction
The classical picture of a neuron is an electrically excitable cell with a large number of dendrites that
integrate incoming (analog) signals and compute whether to produce an all-or-none (digital) action
potential (AP) that reliably propagates along the axon. Dendritic integration has been extensively
researched [1-4], while the axon has often been portrayed as a faithful transmission line. The earliest
experiments on axons, performed ex vivo using extracellular electrodes on the spinal cords of
invertebrates [5], as well as cats [6], however, provided evidence of more complicated and subtle
behavior including differences in propagation velocity and excitability in axonal branches, conduction
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failure [7, 8], and reflection at branch points [9, 10]. Recently, there has been renewed interest in axonal
properties both along the lines of fundamental research into their information processing capabilities
[11-15], as well as in the context of potential medical applications for axonal regeneration following injury
[16, 17], which are made possible by the development of microfluidic and microelectronic tools [18-20].
The voltage clamp technique, the predecessor to the patch clamp, enabled the first
measurements of invertebrate axons and led to the creation of the model of action potential generation
and propagation that is still generally accepted [5]. Since then, the patch clamp has been widely adopted
and used to discover a rich repertoire of behavior including cell-to-cell communication [21], cell types,
dendritic integration [2, 22], and much more. Due to the very small size of mammalian cells, the objects
that could be patched were often limited to somas and dendritic spines, so that prevailingly somas and
dendrites were studied using the patch clamp. Mammalian axons, that can be as small as 0.2 m in
diameter, are virtually impossible to patch while intact, and are, therefore, difficult to study. Additionally,
there is a natural limitation on the proximity and number of patch clamp electrodes that can be used at
any one time, limiting the number of cells or the number of points on a single cell that can be
simultaneously measured. The adaptation of micro-fabricated devices to biology has facilitated the study
of ever-smaller isolated living systems in a controlled environment. These new tools bypass some of the
limitations of the patch clamp by enabling long term recordings, over weeks and even months, of many
individual cells, and even cell processes, at the same time.
A number of groups have, therefore, attempted to isolate and study axons in vitro by using
substrate patterning ranging from chemo-attractants to conducting polymers [23-27], as well as physical
barriers that confine somas to compartments and direct axonal growth [28]. For example, the group of
Jeon developed and commercialized the archetypical two-chamber, multi-channel device that has been
adopted by a number of other groups [19]. The basic design comprises two fluidically-isolated culture
chambers and media wells connected by microchannels into which only neurites can grow: the channel
dimensions are designed to be too narrow and low for neuronal cell bodies to enter [29]. Other systems
include that by Folch’s group, who developed a microfluidic micro jet system that combined channels for
neurites growing from ex-planted tissue with a controlled chemical gradient system [30],[31]. Peyrin et al.
created ’axon diodes,’ channels that narrow at one end, and orient the network in one direction [32].
Wieringa et al. explored, how channel size influences axonal outgrowth and how bundles may be
separated by cleverly designed bifurcations [33]. These systems were used in combination with
microscopy.
The combination of extracellular electrodes with microchannels allowed electrophysiology to be
performed on somas located outside of channels and on axons located inside of channels. Importantly,
isolating the axons in channels provided an important advantage over open cultures: a significant
amplification of the axonal signal caused by the increased extracellular sealing resistance [34, 35].
Claverol-Tinturé built relatively cheap and easy-to-use devices that could house single somas and read
out signals from either somas or axons [36, 37]. Dworak and Wheeler created a five-compartment
structure interconnected by channels placed on top of several long electrodes that monitored action
potential propagation direction and velocity [38]. A number of groups have integrated commercial multielectrode array (MEA) systems featuring 60 low-density electrodes with commercial or custom
microfluidic devices in order to functionally connect cultures of either one cell type or to create cocultures of different cell types [39-41]. Brewer et al. demonstrated self orientation when co-culturing
different areas of the hippocampus [41].
All of these previous approaches were limited in resolution by the number of channels or the
number and size of available electrodes. Recorded signals were either from large cell populations, making
it impossible to distinguish between individual cells, or from a single cell, but utilizing just a single
electrode. In the present work, we increase resolution by merging two technologies to study axon
electrophysiology in an unprecedented way: custom poly(dimethylsiloxane) (PDMS) devices containing
more than 30 microchannels, combined with custom complementary metal-oxide-semiconductor
(CMOS)-based high-density MEAs (HDMEAs) containing 11,011 densely-arranged platinum electrodes.
The goals of this paper are two-fold. First, we explain our device assembly and evaluate its performance
and added capabilities for extracellular axonal physiology. Second, we take advantage of the increased
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detail of data facilitated by the device to clarify an issue in the field: complex action potential waveforms
often seen in microchannels are not an artefact of the channels themselves, but instead arise from a
linear superposition of signals from different axonal branches. Importantly, this result helps to validate
experiments that use microchannels for axonal electrophysiology. Moreover, our device’s sub-cellular
spatial resolution, as a result of the high electrode density, and its large number of channels enabled a
high measurement throughput, which led to a better understanding of how channels affect extracellular
axonal signals. As expected, the channels amplified AP signals 20-fold and up to more than 150-fold,
which then saturated the recording amplifiers. Most amplified axonal signals had a stereotypical positivefirst, tri-phasic shape, but more complex waveforms were also observed, whose origin can now be
explained. Spontaneous and stimulus-evoked spikes were used to correlate somas with their respective
axonal segments, axonal spike evolution was observed over many days, and complex spikes could be
associated to single cells. The presented device and methods have given us access to axonal signaling in a
way that was not possible before.

6.2 Materials and methods
6.2.1 Microelectrode array chip
Details of the design, fabrication, and characterization of the high-density microelectrode array (HDMEA)
can be found elsewhere [20]. Important features of the HDMEA include: an array of 11,011 platinum
electrodes at a density of 3161 electrodes per mm2 (electrode size: 6 x 8 m2, center-to-center pitch: 17
m) housed on the same chip with three-stage amplification, signal conditioning, analog-to-digital
conversion, and stimulation buffers. A subset of 126 electrodes can be read out simultaneously and can
be reconfigured and rerouted within 1.4 ms [20, 42, 43]. Each electrode of the HDMEA can be routed to
one of the two stimulation buffers.

6.2.2 Soft lithography and chip packaging
Moulds for the PDMS pieces were made using standard soft lithography with SU-8 on silicon wafers. To
create the channels, SU-8 3005 (MicroChem, USA) was spin coated onto a four-inch silicon wafer at 3500
rpm for 30 s, or 6000 rpm for 5 min, depending on the desired height. The SU-8 was soft baked at 95 °C
for five min, exposed to UV on a Mask aligner (Süss MicroTec AG, Germany) for 5 s, and then baked again.
Development was performed using mr-Dev 600 (micro resist technology GmbH, Germany) for five min.
Resulting structures were seven (3500 rpm) or four (6000 rpm) m in height. Following a hard bake, the
second layers were spun on. Culture chambers were made using two layers of SU-8 100: the first layer
was spun on (1000 rpm for 30 s) and then baked, and then the second layer was directly spun on after
cooling of the first layer. Following the second cooling, the SU-8 was exposed for 30 s, and then baked
again. Development was performed upside down for 30 min. The resulting culture chambers were 700
m in height.
PDMS culture chambers were open at both ends to facilitate medium and oxygen exchange.
PDMS (Sylgard 184, Dow Corning) was poured onto the structured wafers and allowed to redistribute for
1 h. It was cured at 60-80 °C for at least 4 h.
The HDMEA chip was glued to a custom PCB and bonded using an automatic wire bonder (Esec
AG, Switzerland). A ring made of poly(methyl-methacrylate) (PMMA) to hold cell medium was glued to
the PCB. The PDMS cast was cut into pieces to yield the individual chamber and channel devices, which
were cleaned with isopropanol and blown dry with N2 gas. The chip surface was also cleaned with
isopropanol and blown dry. The PDMS device was placed onto the array with a pair of tweezers and
pushed down. As Figure 6-1c shows, a first design was such that careful alignment between the HDMEA
and PDMS device was not necessary since channel size was chosen to be larger than electrode size, and
the channel pitch was not a multiple of the electrode pitch.

53

Part II

Figure 6-1: Geometry and layout of poly(dimethylsiloxane) axonal channel device on microelectrode array chip a.
Drawing of axonal channel device, with 12 m channels, and neuronal culture chambers; rectangle shows
2
dimensions of electrode array, which is 1.7 x 2.0 mm , b. Photograph of packaged chip wire-bonded to a printed
circuit board and with channel device on top, scale bar is 2 mm, the plastic ring is 18 mm in diameter and used to
hold cell medium c. Zoom in on electrodes and channels: channels are lighter and highlighted in red; scale bar is
20 μm. d. Cross section of chip, electrodes and channel device on top showing characteristic dimensions and
corresponding to c. e. Photograph of channel region of device; channels were filled with red food coloring to
illustrate tightness of bonding to chip surface; scale bar is 50 μm. f. Smaller chambers and channels used for some
2
experiments. Channels were 2-8 m in width; black box corresponds to array, which is 1.7 x 2.0 mm .

To protect the bond wires, PDMS was poured into the space between the PDMS device and the PMMA
ring and allowed to cure. The entire packaged chip is shown in Figure 6-1b: a close-up view of the entire
electrode array and the electrodes covered with the PDMS channel device. Figure 6-1f shows a later
version of the PDMS device, which included smaller culture chambers and narrower channels (down to
2m width).

6.2.3 Readout protocols
Many different electrode arrangements were used for recording. Up to 126 electrodes could be read out
at any given time, and switching between arrangements happened in 1.4 ms, so new configurations were
loaded many times during a recording session. Typical strategies for monitoring both spontaneous and
evoked activity included (i) using pre-set block configurations to cover either the entire chip or specific
areas of interest, i.e., a cell body and its processes, or (ii) generating many random configurations to
sample the chip space. In both cases, recordings in each configuration tended to last 60-120 s.

6.2.4 Stimulation protocols
Soma and axons were stimulated with biphasic positive-first voltage pulses of 200 ms in width using the
on-chip stimulation buffer. Proper stimulation voltages were established by starting stimulation at a low
voltage (100 mV) and manually stepping through voltage differences of 50-100 mV, until a response was
evoked. Successful stimulation was achieved upon applying between 250 mV up to 1.1 V, depending on
electrode location.
Stimulation movies, such as the supplementary movie, were made using the following protocol. A
configuration of 100 random readout electrodes and one fixed stimulation electrode was routed, and 3050 voltage pulses were applied at a frequency of ~3 Hz. After each pulse, the raw data was recorded for a
preset amount of time, generally 10-15 ms. This was repeated for 90-100 different configurations in order
to record the response on the whole array to stimulation of the fixed electrode. The data was put
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together in software by plotting the median-average for every electrode. Stimulations were performed
both with and without synaptic blockers. Reliable directly-evoked responses were the same regardless of
the presence of blockers [44].

6.2.5 Chip functionalization
Prior to cell plating, the chip was activated using plasma oxygen, which sterilizes the chip before the
introduction of cells, and causes the PDMS to become hydrophilic, facilitating filling of the channels.
Poly(ethyleneimine) (0.05% wt., in borate buffer, Sigma-Aldrich), used as an attachment promoter, was
incubated on the chip for 45 min and then rinsed off before adding 0.02 mg mL-1 laminin (Sigma-Aldrich)
and incubating at 37 °C for 30 min. Laminin was vacuumed off just prior to cell plating, leaving behind a
thin layer.

6.2.6 Neuronal cell plating
Permission to perform animal experiments was granted under animal license 2358, approved by
the Basel-City Cantonal Veterinary Authority. Primary neurons were isolated from embryonic day 18 (E18)
Wistar rats in accordance with Swiss federal laws on animal welfare. Timed pregnant females obtained
from Charles River Laboratories, France were anaesthetized with isofluorane. The female was
immediately sacrificed with a guillotine and embryos were extracted. Embryos were sacrificed by
severing the spinal cord. Their primary cortices were removed and placed into Hank’s Balanced Salt
Solution free from Mg2+ and Ca2+.
Cortices were dissociated chemically in 0.25% trypsin with ethylene-diamine-tetra-acetate (EDTA)
for 15 min at 37 °C. The trypsin was washed away, and then tissue was mechanically dissociated by
trituration using a pipette tip. Cells were filtered to exclude clumps of tissue, and, then, the single cells
were counted. Typical plating densities were 10k to 20k cells per culture chamber or 1,300-2,600 cells per
mm2. Cells were kept in Neurobasal-based plating medium (Neurobasal supplemented with horse serum
from HyClone, GlutaMAX, and B27) for 24 h, and, then, medium was replaced with Dulbecco’s Modified
Eagle Medium (DMEM)-based medium (DMEM supplemented with horse serum, GlutaMAX, and sodium
pyruvate). Medium was changed once a week. Experiments were conducted in a humidified incubator
(RH 65%) at 36 °C and 5% CO2. The PMMA ring was sealed with a second ring to protect the cultures from
fungus and bacteria [45]. Chemicals were purchased from Invitrogen unless otherwise noted.

6.2.7 Confocal microscopy
Fixed and immunostained cells were imaged with a Nikon A1 microscope using NIS elements software.
Images were taken in z stacks and stitched together to create high-resolution mosaics. Image processing
was done with Fiji software including the plug-in MosaicJ [46].

6.3 Results
6.3.1 PDMS channel device was complementary to chip
The platform is shown in Figure 6-1. The schematics in Figure 6-1a and 1f demonstrate the size and layout
of the culture chambers and axon channels in relation to the electrode array. The culture chambers were
designed to be larger than the array to ease cell plating. Channel length was chosen to be greater than
450 m, since Taylor et al. found this was the minimum length necessary for only axons to grow all the
way through channels [47]. Most experiments were performed using the larger culture chambers (5.2 x
1.6 mm2) and wider channels (12 m) shown in Figure 6-1a-e, and later experiments were performed
with smaller culture chambers (2.5 x 1.0 mm2) and narrower channels (2-8 m) shown in Figure 6-1f.
After careful cleaning of the CMOS and PDMS surfaces, PDMS sealed well to the CMOS array, as
evidenced by Figure 6-1e, where red food coloring was introduced into the culture chambers and flowed
into the channels. Due to the recessed geometry of the Pt electrodes (Figure 6-1d) more than one column
of electrodes could be within the same channel when devices with larger channel widths were employed.
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Figure 6-2: Immunostained cells primarily extended axons into the channels. MAP2 (soma and dendrites) is
shown in purple, Tau1 (axons) in green, DAPI (nuclei) in blue, GFAP (glia) in red: a. Larger image of culture
chambers and channels in between, b. and c. Close-up views of edges of culture chambers and several channel
entrances. Channels were 12 μm wide, and spaced with a pitch of 59 μm. d-f. Individual colors showing different
cell components: soma and dendrites, axons, and nuclei. g. Merged image of d-f.

6.3.2 Putative axons grew into channels and high tissue density was
observed in entire channels
The width of a channel, 2-12 m, allowed more than one neurite to thread into it. Cells were plated in
both chambers, thus neurites grew in both directions. Figure 6-2 depicts confocal microscopy images of
fixed and stained cells and processes after 7 DIV in one of the PDMS devices bonded to glass. Microtubule
associated protein 2 (MAP2), expressed primarily in soma and dendrites, is shown in red; Tau1, expressed
primarily in axons, is shown in green; 4',6-diamidino-2 phenylindole (DAPI), a fluorescent dsDNA stain, is
in blue; and glial fibrillary acidic protein (GFAP), expressed in astrocytes, is shown in purple. See
Supplementary Information for details about immunostaining. Most cell bodies stayed 20 m or more
away from the channel entrances, and neuronal cell bodies did not enter the channels. Quite clearly,
dendrites and axons threaded into the microchannels, but only axons grew all the way through the up to
950 m long structures. Axons tended to grow straight, guided by features, such as edges. [32] Five
successful stainings on chips and six on glass, using the antibody to Tau1, all showed that axons
consistently grew into channels.
The visualization of axons in the middle of the channels was difficult, most probably due to the
fact that the antibodies did not diffuse all the way into the channels. Therefore, infection with adenoassociated viruses (AAVs) carrying fluorescent proteins was additionally used to live image the large
number of axons present throughout the length of the channels and to show that neurite density was
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consistent along a channel. Figure 6-3b shows neurites threaded into the channels, and Figure 6-3a shows
that the processes grew into and through the channels. The continuity of the fluorescence along the
length of a channel is consistent with neurites that crossed fully from one chamber to the other. The
close-up view in Figure 6-3c, which was taken near the middle of a channel, shows that the channels
contained many neural processes, and in spite of the length of the channels, the putative axons were
healthy and viable. Figure 6-3a-c all show cultures in PDMS devices that had been bonded to glass for
better visualization. Figure 6-3d shows a healthy culture on a chip, and was imaged through almost 1 mm
of PDMS. An adeno-associated virus (pAAV) that expresses Cre recombinase (Cre) fused to green
fluorescent protein (GFP) under the control of the cytomegalovirus (CMV) promoter infected neurons and
is shown in green. A second pAAV was induced by Cre via the Double Inverted Open reading frame
system (DIO) to express the membrane-targeted red fluorescent protein, tdTomato. tdTomato was
localized to the cell membrane, including all processes (dendrites and axons), and is shown in red. Cells
were later fixed, and additional DAPI staining for all nuclei is shown in Figure 6-3a and d in blue. AAV
infection was performed once on a chip and three times on glass, with consistent results each time.

Figure 6-3: Putative axons, infected with adeno-associated viruses (AAVs), grew through channels Some neurons
were infected with an AAV carrying green fluorescent protein and are shown in green and the cell membrane was
infected with an AAV carrying tdTomato and are shown in red. Additional DAPI (dsDNA stain) immunostaining in
a and c is in blue. a. Fixed overview of channels and chambers, b. Zoomed in, live cell image showing processes
growing into channel, c. Further zoom into channels near middle, d. Fixed cells on chip imaged through 0.7 mm of
poly(dimethylsiloxane).
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Figure 6-4: Raster plot showing the two culture chambers were functionally connected. The two culture chambers
were connected only by axons in the channels. The top chamber is shown in green, the bottom chamber is in blue.
a. Positions of electrodes on the chip whose signals are displayed in b and c. Inter- and intra-chamber bursts
occurred; somas burst together on various time scales with activity propagating from top to bottom (c, left panel)
as well as bottom to top (c, right panel). Bursts in the two chambers overlapped 6.2% of the time, while the
chance of coincidental overlap was 0.02%, proving that the chambers were connected.

6.3.3 Spontaneous activity demonstrated that culture chambers were
connected
The networks in the top and bottom compartments communicated with one another, while also
maintaining local activity that only propagated through parts of the culture. Spontaneous activity of the
culture was recorded by using many different electrode configurations, and then the overall activity of
the culture was assessed. For further details, see Methods section. Forty-two electrodes that were
isolated from one another, and that each recorded a different neuron, were chosen based on large,
negative-first (somatic), biphasic spike shapes and above-average spiking rates. In our experience, a large,

58

Chapter 6: Large spikes in microchannels
predominantly negative, biphasic spike seen on one or two (neighboring) electrodes and smaller spikes
spread out over one to several adjacent electrodes were associated with a soma, see Figure 6-5. [42, 48]
Additionally, we sometimes observed much smaller spike signals on more distant electrodes from the
central one(s), which had a variety of different shapes. These signals were associated with axons outside

Figure 6-5: Spontaneous spike propagation from a soma to a branched axon. Spike-triggered averaging of the
large green somatic spike revealed a branching axon, which grew into three channels. The footprint of the soma
was spread across several electrodes and showed the typical somatic shape: essentially monophasic, negative
spike. The small axonal signal outside of the channels is shown in blue. Electrodes in three adjacent channels
recorded spikes that were time aligned with that of the soma, and their positions and spike shapes are shown.
The spike amplitudes were very different for the different cellular components (soma, axon outside channels,
axon inside channels) as indicated by the scale bars. A cartoon neuron was drawn over the traces to guide the
eye.
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of channels and had to be averaged in order to isolate them from the noise, in accordance with earlier
findings. [15] Figure 6-4 shows raster plots on different time scales of the activity of these somas. Figure
6-4a shows the positions of the cells on the chip: cells in the top culture chamber are shown in green and
those in the bottom chamber are in blue. The numbers and colors correlate to the raster plots in Figure
6-4b-c. Bursting occurred on many different time scales, and crossed through the channels, as evidenced
by the raster plots. The bottom plots show events initiating in either the top or bottom compartment and
propagating into the opposite compartment, consistent with axons that grew in both directions through
the channels.

6.3.4 Somas and axons could be matched using spontaneous activity
The large number and high density of electrodes made it possible to match signals from a soma to those
from its axons. During two minutes of spontaneous firing, the soma, whose spike-triggered signals are
shown in green at the top left of Figure 6-5, spiked over 550 times, and each of these spikes was tightly
correlated with signals on electrodes in the channels: 100% of the spikes recorded from the soma were
recorded also on electrodes in the channels (blue traces) within a 3 ms delay. The ‘footprint’ of the soma
showing a characteristic somatic signal (almost monophasic, negative-first spike) is shown in green, and
the electrodes beneath the soma are also shown in green. The spike-averaged footprint of the small
branching axon is shown in lighter and darker blue. The average was created by aligning all spikes on a
given electrode to the negative peak on the second electrode in the first channel. The spikes in the three
channels are shown on the right side of the figure with trace colors corresponding to the electrode
locations. All 550+ traces were overlaid, and a median trace was plotted on top of these signals. A
cartoon neuron and its branched axon growing into different channels were drawn over the electrodes,
and this same neuron was drawn over the traces to guide the eye.

6.3.5 Spike evolution occurred throughout culture development
As the cell culture matured, changes in cell number and distribution, cell excitability, and in spike shape
and size occurred. Figure 6-6 illustrates the evolution of spike size and shape along eight adjacent
electrodes in one channel over 11 days. On the first day (shown in Figure 6-6, first column, DIV 18) all the
spikes had a similar shape to the one shown in Figure 6-5a: a large positive peak followed by a large
negative peak, and then a small positive peak. On the fourth day (second column, DIV 21) changes to the
spike shape were observed on the electrodes shown in green and blue. By the sixth day (middle column,
DIV 23), most of the electrodes recorded spikes with significant positive third phases and developing
negative fourth phases. By the eleventh day (last column, DIV 28), the first five electrodes, shown in dark
red through light blue, all recorded waveforms that had a tetra- to penta-phasic ‘w’ shape, and spike size
on all electrodes had increased. By DIV 37, nine days after the last column shown in Figure 6-6, the ‘w’
spike shape was no longer observed, suggesting that the cell responsible for that spike may have died.

6.3.6 Spontaneous axonal spikes in channels were large in size and
unique in shape
The spikes detected in the channels were not only large in amplitude, as Figure 6-5 and 6-6 show, but also
had distinct, reproducible shapes, which were consistent on a given electrode for a given time, as Figure
6-6 shows. The spikes in Figure 6-7a display spike characteristics that are often observed in channels: bi/tri-phasic axonal signals consisting of a large positive peak followed by a large(r) negative peak, and then
(often) a third small positive peak. Figure 6-7b shows variations on this theme: the first column shows the
same general pattern, but with an additional bump at the beginning of the signal, while the second
column shows an additional bump just after the main spike.
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Figure 6-6: Spike shape evolution on eight electrodes in a channel over the course of 11 days. Signals on
electrodes were consistent over short time periods (minutes) but changed dramatically over longer time periods
(days). Colors were used to correlate b. the electrode position in the channel with a. the spike shape. The red
(upper) electrode is closest to the channel entrance. Spike propagation was from the red electrode toward the
purple electrode, which was about 200 m inside the channel. Spike shapes evolved significantly over several
days. The simple bi-/tri-phasic axonal signal became a more complicated ‘w’ shape, probably as a result of axonal
growth. The mean trace is shown, and the standard deviation of the spikes that were averaged together is
outlined in a lighter color.

More complex spike shapes were also recorded on electrodes in channels, and they, too, were
distinct and reproducible over a given time period. Figure 6-7c shows spikes recorded on four different
electrodes, which each recorded more than one spike shape. In each case, a single spike shape
consistently traveled in a single direction. Figure 6-7d shows this timing explicitly for the bottom right
spikes in 7c, where three different signals traveled through the channel (blue upwards, green and red
downwards). All of the spikes shown in Figure 6-7 are from electrodes that were in various places inside
the channels. In all cases, raw traces from all spikes detected within a 60-second recording period were
plotted on top of each other, and the median trace was overlaid. The spike waveforms were highly
consistent and reproducible for a given electrode and corresponded to a single spike shape (Figure 6-7ab) or to two or three distinct shapes (Figure 6-7c).
To find the origins of more complex spikes, electrodes that recorded complicated spike shapes
during spontaneous activity were stimulated in order to locate corresponding somas and axons outside of
the channels. The matched cell bodies were subsequently stimulated in order to observe the spike shapes
in the channels at the electrode in question. One such set of spontaneous and stimulus-evoked spikes is
shown in Figure 6-8. Four different electrodes spanning 250 m were all able to elicit the same
complicated waveform on the electrode in the channel that had been observed during spontaneous firing
(Figure 6-8a, marked with a blue star). Stimulations at each one of these four points also reliably evoked
spikes at the other three points, consistent with the idea that these electrodes were all stimulating and
recording from processes extending from a single cell.
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Figure 6-7: Spontaneous spike shapes on different electrodes in the channels during a single recording session.
Spike shapes on a given electrode were remarkably consistent and reproducible over short time periods. a. The
’classical’ axonal signal, which is biphasic (blue) or tri-phasic (green), starting with a positive peak, was the shape
most often seen. b. Variations on the classical shape showed either a bump before the first peak (first column) or
a bump just after the spike (second column). Colored scale bars correspond to waveforms of the same color. c.
Complex multiple spike shapes in channels. A single spike shape propagated in a single direction while different
shapes often propagated in opposite directions. In all cases many trials are shown and median traces are
overlaid. d. Timing of different spike shapes shown in c in the lower right plot; the positions of the electrodes are
shown on the right side: the electrode of interest is light blue, and the other electrodes in the channel are outlined
in black. Electrode pitch is 17 μm.

In order to observe the types of responses that would be produced in the channels when more than one
soma was stimulated, multiple somas, whose axonal branches grew into the same channel, were
stimulated with different time offsets. Figure 6-9 shows three examples of such stimulations in a single
channel at different time offsets. The red and blue waveforms are median waveforms produced by singleelectrode stimulations (just one of the somas at a time), while the green waveform is the linear
superposition of the red and blue waveforms given the time offsets used for stimulation. As the figure
shows, the predicted waveform reproduces the waveform observed upon stimulation of both somas.

6.3.7 Stimulation in channels evoked many axons
Figure 6-10 depicts the propagation of an action potential that resulted from stimulation in a channel.
The elicited spikes can be seen on the left side of the plot, and the electrodes that recorded spikes on the
right side. The action potential was elicited in an axon, which then appears to have propagated
antidromically to the soma and then down another axonal branch. The somatic signal (negative-first
spike) is shown in the top box (dark blue traces), which then became more bi- or tri-phasic in shape as it
propagated along the axon outside of the channel. The strong amplification effect of the channel
structures can be recognized by the difference in voltage scales between the top box (outside of channel)
and the bottom box (inside channel). As a result of the sizeable stimulation artifact in the channel housing
the stimulation electrode, it was difficult to observe the immediate effect on electrodes in the same
channel. Thirty raw signals were drawn on top of each other in grey and a mean trace was overlaid in
color, representing the spike latency. It was possible to compute velocities from several stimulation data
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sets. We found an average propagation velocity of 0.51 ± 0.1 m s-1 (N=48, based on nine stimulations on
five different chips), consistent with unmyelinated axons as expected in this environment.
The Supplementary movie shows how extensive the result of stimulation can be. Axonal branches
belonging to tens of cells were stimulated inside a single channel and caused the AP to propagate back to
cell bodies as well as to other axonal branches. The resulting display is a dynamic portrait of an
interconnected region of the culture.

6.4 Discussion
Several different designs for the culture chambers and channels were fabricated in order to test: (i) how
well PDMS would seal to the CMOS surface, which has a surface roughness on the order of micrometers,
(ii) whether precise alignment of devices would be possible, and (iii) how culture viability might be
affected by the devices. In general, as long as the PDMS had been freshly prepared and the bonding of
PDMS to CMOS chip was performed under clean conditions, no problems with bonding were observed.
Treatment with oxygen plasma, as is often done when bonding PDMS to glass, was not necessary, and
actually tended to lessen adhesion strength between the chip and the PDMS piece. Based on the activity
of cells on the chip, partial lifting off of the PDMS device was observed on three out of more than 50
chips, but this happened because PDMS pieces older

Figure 6-8: Complex spike shapes originated from single cells. Complicated spontaneous spikes could be
reproduced by stimulations of a single cell at various positions. a. Positions of electrodes that were stimulated
and recorded from. The electrode of interest in the channel, nearest the entrance, is denoted with a star. b. The
spontaneous spike shape on the electrode depicted with a star in a. The large, initial, mostly biphasic spike is
followed by a specific and complicated shape. c. Stimulation at four different sites spanning 250 m and denoted
by the burgundy (left most), pink, red, and orange (right most) electrodes, all elicited the same spike at the
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electrode of interest in the channel. Latencies varied slightly, and jitter was introduced, but the evoked spike
shape remained the same as the spontaneous spike shape.

than two weeks had been used. Several slightly different geometries with different culture chamber sizes
and channel lengths were tested. Precise alignment of channels to electrodes proved to be very difficult
and was, therefore, not pursued. Instead, we chose a channel pitch, which was different from that of the
electrodes, thus creating some channels that would not be on top of electrodes, but also eliminating the
possibility that all channels would be misaligned, see Figure 6-1c. Additionally, while the larger culture
chambers (5.2 x 1.6 mm2) were more convenient during cell plating, axonal signals could not always be
correlated to cell bodies, since many somas were not located on the array. Shrinking the culture
chambers (to 2.5 x 1.0 mm2) mostly eliminated this problem, but since chamber volumes decreased to 12 L, greater care had to be taken during plating to avoid evaporation. Since culture chambers were open
at the top, allowing medium and gas exchange, cell viability was not a problem.

Figure 6-9: Addition of single spike waveforms from stimulation of two somas reproduces complicated wave
shapes. Top trace shows the two stimulations far apart in time, so that the waveforms do not yet overlap. The
middle and bottom traces show two different overlaps. The peaks of the individual waveforms are marked with
dots corresponding to their color. Addition of the individual waveforms, shown in red and blue on the right,
accurately reproduced the shape recorded in the channel as a result of two stimulations. The s-shaped pulses at
the beginning of each trace are stimulation artifacts: the first one (the only one shown in the top trace)
corresponds to the stimulus that evoked the blue spike, and the second one (not seen in top trace since it would
be to the left of the signal shown) corresponds to the red spike. Some stimulations did not evoke spikes, and they
are shown in grey.

Monitoring the spontaneous electrical activity of the culture validated that axons grew through
the channels and created functional connections in both directions. The data shown in Figure 6-4 are a
subset of one dataset that was analyzed to measure network connectivity. Of the bursts that were
detected during a 58 min recording, there were 250 bursts in the top compartment (corresponding to a
mean rate of 0.07 Hz) and 194 in the bottom compartment (corresponding to a mean rate of 0.05 Hz). 65
of the bursts overlapped, corresponding to 6.2% of the 58 min recording, using an average burst length of
200 ms. The live time (percentage of total recording time during which bursting occurred) was 1.4% for
the top and 1.1%, for the bottom compartment. The chance of coincidental overlap was 0.02%, providing
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evidence that the compartments were connected [49]. Although this burst analysis was only performed
on one culture, the connectedness between chambers was observed in

Figure 6-10: Spike propagation following stimulation in channel. Invasion of an action potential into the soma and
subsequent propagation through a channel; colors convey timing information and correspond to the colors of the
electrodes depicted on the right. Thirty trials (in grey) for each electrode were overlaid with the median signal.
The dark blue somatic spike gives way to a smaller axonal spike, which at first was hard to detect in the noise and
was then amplified by the channel structure as it propagated through the channel. Complex spike shapes were
more apparent than in the spontaneous case. The initial stimulation site was an axonal branch in the channel just
to the right of the one depicted, and is demarked with a black cross.

all healthy cultures by other methods. For example, stimulation of axons in the channels, such as can be
seen in the Supplementary movie, often evoked activity in both chambers and throughout the culture.
Based on 54 unique stimulations performed in channels, on 17 different chips, 43 showed robust activity
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in both chambers. Likewise, correlated spontaneous spiking, especially bursting, in the two chambers was
regularly observed during data acquisition (data not shown).
Associating a soma with its axon and axonal branches could be performed in various ways. The
data shown in Figure 6-5 is the result of a spontaneous scan utilizing configurations of high-density blocks
outside of channels and low-density, scattered electrodes inside channels. Data from the ‘somatic’ spike
was then used as a virtual trigger to find spikes on other electrodes, so-called spike triggering. Plotting
the spike-triggered signals recorded on electrodes in three adjacent channels show that the associated
axon branched into at least three branches in three different channels (Fig 5). Time delays in the axonal
signals corresponded to what was expected given propagation velocities that have been measured on the
chip: 0.51 ± 0.1 m s-1 (N=48). Another method for obtaining similar results also utilized spike-triggered
averaging. Data was taken using many random electrode configurations while keeping electrodes
beneath suspected somas fixed in all configurations. This data was first sorted and then time-correlated
to create spontaneous spiking profiles that were used to associate somatic spikes to axonal spikes. A third
method to associate a soma with axonal branches used stimulus-evoked data, achieved by stimulating
axons with the array. The method was to stimulate inside of a channel and record the subsequent
activity, which inevitably evoked a number of different somas. In all cases and in all cultures, the somatic
footprint had several distinguishing characteristics, most of which can be seen in Figure 6-5: a large,
predominantly negative, biphasic spike was seen on one or two electrodes while smaller spikes spread
out over one to several additional electrodes. Furthermore, there was often a much smaller spike signal
(which was generally positive-first but could have a variety of shapes) going off in one or two directions
away from the electrode with the largest spike, which could be assigned to axonal segments. We have
observed this type of somatic footprint in many different preparations, including slices, retinae, and
dissociated cells. [15, 42, 48] The spike-triggered averaging method, the second method mentioned, was
the most reliable and robust of the three, but also required the most computing time and power. As long
as the somas that were chosen spiked regularly (with a rate of ~5 Hz or more), it was always possible to
find at least part of the associated axon. Generally it was seen that somas closer to the channels, rather
than the ones on the edges of the array, were associated with axons in channels.
Based on their locations and rates of spiking over days and weeks, it was inferred that
differentiated neurons tended not to proliferate, while microscopy observations showed that astrocytes
continued to divide and grow around and on top of neurons (data not shown). Neurons moved and also
died, as evidenced by signals that were recorded first on one electrode, and later on an adjacent one, or
by signals that disappeared. Stimulation was also affected: an electrode that was successful at stimulating
a cell one day may not have been successful the next day. The PDMS channel device helped to anchor
axons, but changes in spike shape and size were seen on a regular basis. Axonal extracellular voltage
signals were substantially amplified by the channel structures [34, 35, 50]. Outside of channels, axonal
signals could only be distinguished from noise by averaging tens of traces together [15]. Within channels,
single traces were large enough to allow detection of single action potentials in both spontaneous and
stimulus-evoked firing.
The channels produced a minimal and predictable distortion to the spike shape, but otherwise
simply amplified spike size. The model proposed by FitzGerald et al. fits well to our data [34]. They
modeled axonal propagation inside and outside of channels, and their predictions for unmyelinated axons
are: amplification of the negative peak, associated with the propagating action potential, and positive
phases on either side of the negative peak, from a temporary charge shift into the channel, which is like a
standing wave. That is, a non-propagating positive phase whose duration coincides with the entry and
exit of the AP to and from the channel. They also predicted uniform amplification along most of the
channel, which falls off rapidly near each end. We observed positive phases as a result of the propagation
itself [51], see the small axonal signals outside of the channels in Figure 6-5, but we also saw the standing
wave predicted by FitzGerald. For example, in all three channels depicted in Figure 6-5, but most
prominently in the right-most channel marked with a circle, there was a positive phased bump ~2 ms
after the positive phase associated with the action potential. Assuming a velocity of 0.5 m s -1, which we
measured, it is expected that the action potential will travel through the 950 m length channel in ~2 ms,
which is consistent with the location of the positive bump. The same phenomenon is evident in Figure

66

Chapter 6: Large spikes in microchannels
6-10. In 500 m length channels, the positive phases were masked by the action potential, since the
length between positive phases should be ~1 ms, which is the same length as the duration of the action
potential, see Figure 6-6. As a result of the fact that dissociated cell preparations were used, the
environment around individual cells and their processes influenced the extracellular signals that were
recorded. Proximity to electrodes and other cells and cell processes influenced the size and probably the
shape of spikes. Propagating spikes often could not be detected on every consecutive electrode in a
channel, which could result from other axons or glial cells already occupying the space. For example, if a
cell in the bottom compartment grew an axon into a channel, the signal from that axon might only be
recorded on a subset of electrodes in the channel near the bottom compartment, and then the signal
might disappear or shrink in size on electrodes closer to the top compartment. This phenomenon could
result from the axon having to grow around axons already extended from cells in the top compartment.
The temporal evolution of spike size and shape was observed on a regular basis and took place in
many channels in all cultures, although not all electrodes in channels showed developments over short
time periods as substantial as those shown in Figure 6-6. Generally, spike height, especially the negative
peak(s), was observed to increase over time, see also Supplementary Figure 1. Spontaneous spiking data,
that were acquired regularly during the life of a culture, showed that channels’ average activity rates and
spike heights both increased over time in all cultures that were studied (N=35) over the one to two
months that data were recorded. Further filling of channels by additional neural processes and glia were
expected to create signals whose magnitude increased over time [34],[52]. The channels’ increased
resistivity via decreased extracellular volume, thus enabled much higher voltage readings. [50],[34]
Naturally, spike shapes in channels, as well as characteristic somatic footprints outside of channels,
sometimes weakened and disappeared over time, which we attribute to apoptosis.
As we and others have observed, an electrical potential traveling in a volume conductor has a
distinct shape when measured extracellularly, which is tri-phasic and starts with a positive-going signal
[15]. Traveling signals are asymmetric (the third positive phase is less pronounced) because of the
inactivation of Na+ channels following an action potential (the refractory period) [51],[53]. These types of
axonal signals were the ones most often recorded in the channels, but other shapes were also observed.
Bi- and tri-phasic spikes originated from a single cell, and we have observed that the more complicated
spikes also originated from a single cell, most likely as a result of axonal branching or turning within a
single channel. The waveforms shown in Figure 6-8 all have the same shape, which looks like a positivefirst axonal spike followed by a characteristic tri-phasic tail. This shape was first observed in spontaneous
spikes and later reproduced by stimulating at four different locations. It is very unlikely that two or more
different cells, when stimulated, would be able to reproducibly create this type of identical response on
the same electrode. Thus we concluded that all four stimulus-points evoked the same cell (cell body and
axon) and that such a distinct spike shape represents a signature of a cell at a given time. Aside from the
data shown in Figure 6-8, several other unusual spike shapes on different electrodes were examined in a
similar fashion, including the ‘w’ shape shown in Figure 6-6. In all cases, the complicated spike shapes
could be induced by stimulation of a single electrode, which could be attributed to one soma, or by
multiple electrodes, attributed to a single cell, just like the data shown in Figure 6-8. Based on these
findings, and the observation that single action potentials add linearly on electrodes in the channels (see
below), it is believed that the strange shapes were recorded from single axons that had turned or
branched inside of a channel. Activity in different parts of the same axon will be time-locked and
correlated to the electrical activity of the respective soma, so that the individual spikes, picked up on the
same electrode, will have a complex shape. Although more difficult to observe, complex waveforms,
including ‘w’ shapes and other shapes with large positive phases, were observed outside of channels as
well, and, in cases where visualization of lipofected neurons was possible, these shapes were observed in
the vicinity of axonal branches.
The lower limit of the channel width, 2 m, results from the fabrication technique and tools
available. Slightly thinner channels (0.5 – 1 m) could be fabricated using more elaborate cleanroom
techniques, or even nanochannels could be created using suitable techniques. [54] The resulting smalldiameter channels could, however, be prone to clogging during functionalization, and later inhibit
medium exchange, especially following axonal outgrowth. A large multiplicity of very-small-diameter
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channels would poorly match the HDMEA, since several channels would cross over a series of the same
electrodes. A smaller number of channels, e.g., matched in number to the electrodes, might inhibit
axonal outgrowth into channels as a result of the large separation between channel openings. The result
of the 2-12 m channel width is that many axonal branches from several or many different cells grow into
a single channel. Due to our ability to assign even complex spike shapes to single cells, as a consequence
of the many available electrodes, it is possible to distinguish spikes of different cells. In fact, it is possible
to sort spikes based on shape within channels and then to associate those spikes with single somas
outside of channels based on timing information (data not shown). Since spikes in channels add linearly
to one another, it is even possible to do this when spikes overlap in time. These features mean that spike
sorting and signal analysis is possible even on a larger cohort of axons in a small space.
There have been speculations about the possibility of observing ephaptic coupling between axons
(electric field proximity effects not associated with chemical or electrical synapses) in a channel as a
result of the close confinement of axons and the large extracellular spikes. [35, 39] We performed several
experiments, also in very narrow channels (2-5 m), in an attempt to elicit ephaptic effects but have not
found any clear evidence for ephaptic coupling. Several somas whose axons grew into a single channel
were stimulated with varying time offsets. Although stimulations were successful, the resulting spikes in
channels were simply the superposition of individual spikes overlapped in time, see Figure 6-9. Such
experiments were performed at multiple sites on three different chips, and the results were consistently
like those shown in Figure 6-9: aside from minor differences due to jitter, direct superposition of single
waveforms could always be used to reproduce the waveforms produced by doing double stimulations.
Ephaptic coupling may be a very local effect that does not occur between all axons in a single channel,
but perhaps only between adjacent or overlapping axons, thus making the effect quite subtle. Since
culture chambers were larger than the active array, not all somas whose axonal signals were recorded in
channels could be recorded from or stimulated. Also, some somas simply did not respond to stimulation.
It may be possible that ephaptic effects could be observed in even more confined environments, with
more judiciously chosen somas, or by employing more exhaustive stimulation protocols.
Stimulation site and strength were very important in determining the amount of activity elicited
by a pulse. A single stimulation could evoke varying amounts of activity depending on the number of
axons stimulated. As stimulation voltage was increased, a larger number of axons was recruited [44, 55],
which resulted in more extensive activity. Stimulation points in certain channels evoked activity that was
detected all over the chip, as a result of the large number of axons stimulated. A movie demonstrating
one such stimulation event is included in the Supplementary material. The stimulating electrode is
demarked with a cross; see Methods section for details of how movies were made. Since only a subset of
electrodes could be read out at once, in order to create such a movie, about 3000 stimulations at the
same spot had to be done to evoke and record activity. The resulting movies (over 100 movies have been
made from stimulations on more than 20 different chips) are a good way to visualize the data, including
the interconnectedness of cells on a chip. Activity was directly evoked and not the result of synaptic
transmission as evidenced by the short latency and reproducibility of evoked activity. Stimulation in
channels sometimes evoked activity in both culture chambers, and sometimes only in one. Stimulation in
culture chambers was observed to evoke activity in the same chamber and in channels and only rarely in
the opposite chamber. The small (5.8 x 8.2 m2) electrodes allowed us to stimulate single cells or a small
number of cells in culture chambers. As a result, the evoked activity was spiking of individual cells, rather
than a network burst that may result from the simultaneous stimulation of many cells with larger
electrodes. Comparison of spontaneous and evoked spikes on the same electrode in a channel showed
that evoked spikes often appeared to be mixtures of the spontaneous spikes. This result is in line with the
data shown in Figure 6-9, where superposition of spikes was observed, following stimulation, to result
from several cells firing at the same time.

6.5 Conclusion
A novel platform for studying axonal properties, which combines a high-density MEA with a microfluidic
channel device for neuronal cell culture, has been described. Its utility in guiding axons between two
chambers of cultured neurons, as well as the strong enhancement given to electrophysiological signals
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make it a useful tool for studying axonal properties. The high density of electrodes on the HDMEA
combined with the signal amplification (by a factor of 20 to 150) provided by the PDMS channels make it
possible to read out single action potentials propagating along long lengths of isolated axons at high
spatial resolution and to study intricate details of axonal signal propagation.
PDMS channel devices created two culture compartments that were connected only by axons
growing through the channels. Within the channels, tens of electrodes recorded propagating spikes and
revealed characteristic shapes with minimal deformation. Simple tri-phasic waveforms and more complex
shapes were demonstrated to originate from a single cell. Even more complicated wave shapes could be
created by stimulating several somas, which resulted in a linear superposition of their spike shapes in the
channels. Spike-triggered averaging showed that an axon in a channel could be associated with a soma
and the respective axonal segment outside of the channel. Stimulus-evoked firing was advantageous in
assigning axons to their respective somas, and was used to recreate waveforms that had been observed
during spontaneous firing. Stimulation in channels evoked many axons, which then back-propagated to
somas in the culture chambers.
Given the recent renewed interest in the axon, both for its information processing capabilities as
well as its medical applications, our platform is applicable to a variety of studies. Using the same setup
and cells, axonal branches could be studied for differences in propagation velocities, as well as branch
point failures and reflections of action potentials at branch points. Additionally, the effects of different
types of coupling between axons could be studied, including coupling via gap junctions, axo-axonic (and
glial-axonic) synapses, and, possibly, ephaptic interactions. There is increasing evidence that axonal
action potential shapes can be modulated [56, 57] and that the modulation carries real implications for
neurotransmitter release [58]. The ability to follow and perhaps evoke waveforms of different shapes
could be very useful in better understanding some of these effects. More elaborate preparations using
the same basic tools could be established, such as co-cultures of complementary cells or utilizing fluidic
isolation to apply chemicals, viruses, or a specific medium to a single chamber. Although not yet fully
exploited, the system has great potential for many different applications.
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Mammalian cortical axons are extremely thin processes that are difficult to study as a result of their size:
they are too small to patch while intact and super-resolution microscopy is needed to resolve single
axons. We present a method for studying axonal physiology by pairing a high-density microelectrode
array with a simple microfluidic axonal isolation device, and use it to study activity-dependent
modulation of axonal propagation resulting from stimulation near the soma. One to three axonal
branches isolated in different channels were recorded simultaneously using 10-20 electrodes per
channel. The axonal channels amplified spikes such that single propagations could easily be discerned
with high signal to noise. Stimulation from 10 Hz up to 160 Hz demonstrated similar qualitative results
from all the cells studied: extracellular action potentials along axons changed drastically in response to
stimulation. Spike height decreased, spike width increased, and latency increased, resulting in a reduction
in spike propagation velocity. Quantitatively, these effects were observed in response to different
frequencies of stimulation. Some cells tolerated stimulation up to 160 Hz, while others could only
propagate tens of Hz. Differences in modulation by axonal branches of the same cell were also seen at
many different stimulation frequencies, starting at 10 Hz. Potassium ion concentration changes altered
the behavior of the cells causing failures at lower concentrations and improving propagation at higher
concentrations.

7.1 Introduction
The axon is an important element in cell-to-cell communication, since it connects a neuronal cell body
with its numerous post-synaptic partners. Many cells have a single axon whose initial segment is the site
of action potential generation, [1-4] and which often grows many separate branches that then propagate
the action potential. [5] As such, a good understanding of its behavior and capabilities is necessary not
only to increase our understanding of the nervous system, but also because of its potential dysfunction as
a result of accident or disease. [6] Although classical experiments in invertebrates and peripheral nerves
used axons as their model systems, [7, 8] the axons of the central nervous system, particularly those that
are unmyelinated, have remained largely inaccessible to current methods because they are so small. [9]
A number of researchers have recently put into question the notion that axons act as cables,
reliably transmitting action potentials along their lengths, [10, 11] and have developed a limited number
of techniques with which to read out signals from axons. [9] Dentate gyrus granule cells are known for
their large mossy fibre boutons, whose size is around 3-5 µm, enabling patch clamping of these
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structures. [12] Activity-dependent broadening was examined using this technique, and voltage-gated K+
channels were found to be the molecular mechanism responsible for the observed behavior. [13] Na+
channels were also studied with this technique, and found to have different properties with regard to
action potential propagation depending on whether they were in the bouton (amplification) or in the
axon (reliability and speed). [14] A recently developed technique, the patching of axonal blebs, swellings
resulting from slicing of neuronal tissue, has made possible axonal recording from axons without
patchable boutons. [15] Kole used double and triple patch clamp techniques to patch the soma, AIS, and
an axonal bleb of cortical layer V cells, and examined ion channel distributions in the AIS. They studied K+
channels, and found that Kv1 channels shape the action potential, regulate neurotransmitter release, and
are able to integrate subthreshold activity. [16] Sasaki targeted axons of CA3 pyramidal cells, and studied
action potential broadening via local application of glutamate and adenosine A1 receptor antagonists.
They found that ‘depolarization-induced K+ channel inactivation is likely to underlie the AP broadening.’
[17] Finally, the older technique of extracellular recording using cell-attached configurations has been
given new life via fluorophore coated pipettes, allowing both axon and patch pipette to be visible under
fluorescent light. [18, 19] They found that axonal geometry modulated somatic influence differently to
proximal and distal synapses. [5]
While extracellular techniques are not a new approach, the aggregation of many electrodes into a
microelectrode array whose geometry is capable of studying axons is quite new. [20] This is an approach
that uses, not one, but from tens to thousands of electrodes to read out signals from subcellular
structures, such as axons, and can therefore be used to measure from multiple parts of the same axon at
the same time. [21, 22] The stimulation capabilities of the electrode arrays enable precise and
reproducible stimulation at multiple points on the cell. Bakkum used this approach to trace axonal paths,
including multiple branches, over hundreds of electrodes, and observed differences in velocity over
axonal arbors. [23] They found that ‘many-fold velocity differences exist locally within a single neocortical
axon.’ Because the axonal signals that they observed were small, seven to 25 trials had to be averaged in
order to yield a detectable signal, exceeding a 5 sigma threshold. [23] This problem was overcome by two
different groups [24, 25] in a very similar fashion: by adding a simple microfluidic device on top of the
electrode array featuring thin and narrow channels into which only the axons could grow, [26, 27] and
which amplified axonal signals such that single propagations could be detected above the noise. [28, 29]
Using spontaneous spiking, Shimba showed that they were able to detect velocity changes along axons
resulting from high frequency bursts. [24] Lewandowska was able to stimulate near the cell body as well
as the axon in the channel, and found that complex signals in channels could be traced back to individual
cells as well as that signal to noise in the axonal channels increased over time. [25]
In the present work we demonstrate how our approach, using a high-density microelectrode
array (HD-MEA) with an axonal isolation microchannel device on top, [25] can be used to study axonal
modulation of orthodromic action potentials in very small mammalian cortical axons. The HD-MEA,
constructed in complementary metal-oxide-semiconductor (CMOS) technology, features 11,011 Pt
electrodes with a pitch of 17.8 um, thus enabling sub-cellular resolution. [21, 30] The
poly(dimethylsiloxane) (PDMS) axonal isolation device was made of two cell culture chambers connected
by long and narrow microchannels into which axons grew, and which amplified axonal signals. [31, 32]
This ensemble of micro technologies created a powerful tool for studying axonal information processing.
Single cells and their processes could be identified based on spontaneous spiking, and the respective
somata were then stimulated at moderate to high frequencies while signals from their branching axons
were recorded. Because of the large number of readout electrodes and their non-invasive nature,
recordings of multiple axons in multiple places could be made without damaging the cells. Extracellular
spike shapes were observed to vary dramatically as a result of stimulation: waveforms became wider,
peak height decreased, and propagation velocity slowed. Cells reacted to stimulation at different
frequencies in unique ways, which corresponded to their spontaneous behavior. In several cases, axonal
branches of the same cell modulated action potentials differently.
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7.2 Methods
7.2.1 Microelectrode array chip
The design, fabrication, and characterization of the high-density microelectrode array can be found
elsewhere. [21] Relevant features of the chip are the following: a 1.75 x 2.0 mm2 array of 11,011 bright Pt
electrodes with 6 x 8 µm2 size and 17.8 µm pitch resulting in an electrode density of 3150 electrodes per
mm2. Around the periphery of the array, on the same complementary metal-oxide-semiconductor
(CMOS) chip, are: three-stage amplification, signal conditioning, analog-to-digital conversion, and
stimulation buffers. A switch matrix below the microelectrodes allows an almost arbitrary subset of 126
electrodes to be read out simultaneously, and rerouted within 1.4 ms. [21, 30] Each of the electrodes can
be routed to one of 32 stimulation buffers controlled by two independent waveform generators. The
stimulation buffers allow voltage or current stimulation of any electrode on the array.

7.2.2 Axonal isolation device
Fabrication and first measurements with the axonal isolation device are described in our earlier work.
[25] Briefly, moulds for PDMS were made using soft lithography utilizing a three layer SU-8 process on
silicon wafers: one layer of SU-8 3005 for the axonal channels and two layers of SU-8 100 for the culture
chambers. SU-8 3005 was spun at 5000 rpm for 60 sec to fabricate 5 µm high channels. Fabrication was
completed, including development and hard baking before constructing culture chambers. SU-8 100 was
spun at 1000 rpm for 30 sec, soft baked, and, then, a second identical layer was spun on to create the 0.7
mm high culture chambers. Such high structures allowed us to pour a layer of PDMS over the wafer,
which resulted in culture chambers that were open from both sides.
The CMOS chip was glued to a custom printed circuit board and wire bonded to the PCB. The thin
(~0.5 mm) layer of PDMS was cut into pieces smaller than the CMOS chip, but slightly larger than the
electrode array and placed onto the chip with a pair of tweezers under a stereomicroscope. The open
wires and other electrical openings were then passivated with a layer of PDMS.

7.2.3 Neuronal cell plating
Permission to perform animal experiments was granted under animal license 2358, approved by the
Basel-City Cantonal Veterinary Authority. Primary neurons were isolated from embryonic day 18 (E18)
Wistar rats in accordance with Swiss federal laws on animal welfare. Timed pregnant females obtained
from Charles River Laboratories, France were anaesthetized with isofluorane. The female was
immediately sacrificed with a guillotine, and embryos were extracted. Embryos were sacrificed by
severing the spinal cord. Their primary cortices were removed and placed into Hank’s Balanced Salt
Solution free from Mg2+ and Ca2+.
Cortices were dissociated chemically in 0.25% trypsin with ethylene-diamine-tetra-acetate (EDTA)
for 15 min at 37 °C. The trypsin was washed away, and then tissue was mechanically dissociated by
trituration using a pipette tip. Cells were filtered to exclude clumps of tissue, and the single cells were
counted. Typical plating densities were 10k to 20k cells per culture chamber or 1,300-2,600 cells per mm2.
Cells were kept in Neurobasal-based plating medium (Neurobasal supplemented with horse serum from
HyClone, GlutaMAX, and B27) for 24 h, and, then, medium was replaced with Dulbecco’s Modified Eagle
Medium (DMEM)-based medium (DMEM supplemented with horse serum, GlutaMAX, and sodium
pyruvate). Medium was changed once a week. Experiments were conducted in a humidified incubator
(RH 65%) at 36 °C and 5% CO2. Chemicals were purchased from Invitrogen unless otherwise noted.

7.2.4 Electrophysiological recordings
7.2.4.1 Spontaneous spiking readout protocols
Cell somata and their axonal branches were located on the microelectrode array via spontaneous spiking
profiles. First using data from spontaneous spiking, somata were chosen whose spontaneous rates,
during 60 second recordings, fell between two and 20 Hz, and whose spikes had a large signal to noise.
Eight to 12 such cells were chosen per chip and assigned to fixed electrodes, which did not change over
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many recording configurations. Two additional fixed electrodes per cell were chosen to help with spike
sorting, so that from 24 (8x3) to 36 (12x3) electrodes were fixed over many configurations. Other
electrodes were chosen randomly, so that the entire chip space could be sampled, again for 30-60
seconds per configuration. Usually 110-130 configurations were needed to record from all of the
electrodes on the chip.
Creating a triggered spontaneous profile of a cell required spike sorting, and this was done using
custom scripts in Matlab, including UltraMegaSort2000. [33] One primary electrode plus two additional
electrodes next to it were assigned to each neuron of interest. Signals were filtered in both forward and
reverse directions with a Butterworth filter. Then, threshold detection was performed, and spikes were
cut out and realigned. Small ‘mini-clusters’ were used to compute k-means, and then mini-clusters were
combined based on energy calculations. Sorted spikes were then visually inspected, and several smaller
clusters were combined manually into much bigger clusters, which made up the overwhelming majority
of spikes detected on the electrodes of interest. Signals on all other electrodes of the array were then cut
out according to spike times on the electrodes of interest to yield a spontaneous spiking profile for each
neuron. Performing such an analysis required combining data from many different configurations, each
recorded for a short time period (30-60 seconds) over the course of 1.5 to 2 hours. As a result, the
number of spikes on adjacent electrodes could vary substantially, and some individual electrodes may
have been missed, since many neurons exhibit silent periods during which they do not spike. Such an
approach, however, provided an unbiased sample of the average behavior of the neuron, and could be
used to create single configurations that sampled many parts of the same cell simultaneously. The
resulting data is what we call a triggered spontaneous scan over the chip, where the trigger is the spiking
of a cell of interest.
7.2.4.2 Stimulation protocols
Medium to high frequency stimulation near the soma was used to stimulate cells, and the responses
were recorded from the axonal branches. Stimulation was elicited via biphasic (positive then negative)
voltage pulses that were precisely timed and delivered from one of the on-chip stimulation buffers. The
stimulation electrode was chosen by stimulating the electrodes near the soma and observing the
response in the channels. Sometimes only one electrode was able to evoke an action potential, and at
other times, several electrodes evoked an action potential, but generally there was one electrode that
was more effective at a lower voltage than the others. This electrode was used for all later stimulations of
that given cell. The voltage used was always the lowest voltage needed to evoke the cell plus 50 mV,
generally around 500 to 800 mV, using bright Pt electrodes. Each phase of the voltage pulse was 200 µs
long. Recording was performed during and immediately following the stimulation.
Each stimulation protocol was composed of a short stimulation period followed by a long rest
period. Generally 3000 to 4000 stimulations were performed at a given frequency, and then the cell was
allowed to rest for 30 minutes before the next stimulation sequence was applied.
Three different types of medium were used when performing stimulations. The ‘normal’ aCSF
was used for most experiments and it contained (in mM) 1.5 CaCl2, 0.75 MgSO4, 5 KCl, 40 NaHCO3, 100
NaCl, 0.8 NaHPO4, 1 sodium pyruvate, 25 D-glucose, and 0.5 GlutaMAX. Low K+ aCSF contained all of the
same ingredients, except 2 KCl and 103 NaCl to osmotically balance the solution, while high K + aCSF
contained 8 KCl and 97 NaCl to compensate. Cells were kept in DMEM-based medium, which was
changed to aCSF 20 minutes before beginning an experiment. When changing from higher to lower
concentrations of K+, the cells were washed once in the new medium.

7.2.5 Data analysis
All data was analyzed in MATLAB using custom software. Spike detection during high frequency
stimulation was performed using template matching. Templates were made for the spike on each
electrode by creating a median average of 30 traces at a low stimulation frequency. This template was
then convolved with the data to resolve the spike. Timing information was extracted by finding the
minimum of the first derivative in the data around the spike that had been found.
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7.3 Results
7.3.1 Axons in channels could be correlated to somata in culture
chambers using spontaneous spiking
The high density of electrodes paired with the amplification of axonal signals by the PDMS axon device
made it possible to identify neurons, including their axonal arbors inside of the channels. Somas and
axonal branches were identified using triggered spontaneous scans over a single chip (see Methods
section 1.1.4.1).

Figure 7-1: Triggered spontaneous scan to identify axon and axonal branches belonging to a cell whose somatic
location is known. Data from electrodes near the soma were spike sorted, and the resulting spike times were
correlated with spikes on other electrodes on the chip. a. Positions of electrodes where spikes were detected, with
soma designed by a star; b. Axonal waveforms in PDMS channels; c. Stimulation-evoked spikes on the same
electrodes as in b; d. Histogram of interspike intervals of the soma, e. Small axonal spikes outside of PDMS
channels; f. Spikes on fixed electrodes near the soma. The colors of the spikes encode their size, as indicated by
the scale bar.

Spikes on fixed electrodes, that were associated with a putative soma, were spike sorted, and the times
were correlated with spikes over the rest of the array to create a profile of a single cell, termed a
‘footprint.’ Two such cell identifications are shown in Figure 7-1 and Figure 7-2. Spontaneous spikes on
the designated electrodes are shown, as are the electrodes on which the spikes were recorded. All of the
spikes recorded on the non-fixed electrodes are shown and their mean traces were overlaid in color. In
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some cases, as Figure 7-1a and e and Figure 7-2a show, it was also possible to identify parts of axonal
arbors outside of channels, but the spikes on those electrodes were always smaller than at the soma and
much smaller than in the channels. Averaging many signals together enabled identifying the path along
which the axon grew, but single traces were usually lost in the noise. Figure 7-1e clearly shows that while
average footprints of the axon could be extracted, the actual single traces were small and noisy. In
contrast, in the channels, signals were significantly amplified, even with peak-to-peak heights around 3
mV, as the scale bar in Figure 7-1 shows. This very large amplification was not typical, but signal
amplification by at least a factor of 2 was always seen.

7.3.2 Stimulating cells identified via spontaneous spiking yielded the
same spike shape and timing
Our goal was to first identify cells whose axons had grown into channels and then to stimulate those
same cells so that the effects of stimulation could be unambiguously attributed to the found cells. It was
therefore important that the spontaneous and stimulation-evoked signals were very similar in shape and
timing, showing that stimulation was effective and that it evoked the intended cell and not another
adjacent cell. Plots shown in Figure 7-1c and Figure 7-2d, show stimulus-evoked signals, and can be
directly compared with spontaneous signals from the same cell. In all cases, the spontaneous and evoked
spikes on the same electrode looked the same (had the same shape), meaning that the intended cell was
triggered. The timing was also the same, giving further evidence that the cell that had been targeted was
the same one that was evoked. In Figure 7-1c, the additional shape at the very beginning of the spike is
the last part of the stimulation artefact. Since the stimulating and recording electrodes were fairly close
to each other, and the propagation speed was rather fast, the stimulation artefact ended just before the
evoked signal began.

7.3.3 Qualitative response to stimulation was similar for all cells
The response of all cells to stimulation was qualitatively the same: with increasing stimulation frequency
and number of stimuli, the spike shape changed and the latency increased. Figure 7-2d-f shows the
results of one set of stimulations. Although the exact behavior of each cell stimulated showed some
variable qualities, the results shown in Figure 7-2d-f, as well as in Figure 7-3, demonstrate the usual
characteristics seen for all stimulations that have been performed. At lower frequencies, the axonal
response was as expected: every stimulation resulted in a spike whose timing and shape was basically the
same, except for slight differences due to jitter. At higher frequencies several changes were observed: the
spike height decreased, the spike width increased, and the latency increased. This is shown explicitly in
the waveforms in Figure 7-2f and Figure 7-3b, while more generalized results are shown in Figure 7-2d-e
and Figure 7-3a. Figure 7-2f additionally demonstrates the amplification of stimulation-evoked spikes by
the channel structures, and how the structures enabled single trial detection. Above the dotted line are
traces from electrodes outside of channels (the electrodes are shown as filled boxes in Figure 7-2a in
blue) and below the dotted line are traces from electrodes inside the channels (again the electrodes are
shown as filled boxes, in different colors). Sample waveforms are shown after a certain number of
stimulations (500, 1000, 1500 and 2000) at five different frequencies, as marked. As Figure 7-2d and e
show, at 20 Hz, the axon was able to propagate the spike faithfully, but already at 30 Hz, some changes
were observed: the spike decreased to 90% of its normal height. At higher frequencies, more dramatic
changes in spike shape were observed.
The increase in latency with successive stimulation could be the result of delayed onset of spike
initiation, so propagation velocity in the channels along several electrodes was also examined. Figure 7-2c
shows one such velocity plot, which demonstrates that the change in latency was a real effect of the
action potential slowing down, and not just delayed onset. In this case the distance between the first and
last electrode in the channel was divided by the difference in spike times at those electrodes and this
value was plotted. The assumption was that the axon grew straight through the channel and did not
bend, turn back, or zig zag. At all stimulation frequencies, the velocity started at around 2 – 2.5 m/s, and
then decreased following stimulation at 20 – 60 Hz. At 20 Hz the spike traveled through the channel at 2.2
m/s, while at 30 Hz, the velocity dipped down to 1.6 m/s after 1000 stimulations. At higher frequencies
78

Chapter 7: Activity-dependent spike modulation
the effects on both propagation velocity and spike height were more drastic. At 40 Hz the spike height
dropped to 50% of its original size after 2000 stimulations, at which time it was also traveling with half of
its original velocity. At 50 Hz and 60 Hz further reductions in spike size and increases in latency were
observed and their onset occurred after fewer stimulations. Similar results were obtained for other cells.
In a few cases, velocity increased at the beginning, and then went back down to its initial value or
decreased below its initial value, depending on the stimulation frequency.

Figure 7-2: Spontaneous and stimulation-evoked data from a neuron. a-c. Triggered spontaneous scan showing
spikes near a soma, and traces from the axon both inside and outside of PDMS channels. a. Electrode positions b.
waveforms and c. a histogram of the interspike intervals of spikes associated with the soma. The colorbar denotes
spike heights. d-f. Stimulation near the soma at 20 Hz to 60 Hz shows that axons cannot faithfully propagate the
same spike after many stimulations and at higher frequencies. Spike height is affected already at 30 Hz, as is
propagation velocity: e. f. Outside of the channels, single waveforms could not be detected. Above the dotted line
are traces from electrodes outside of the channel (indicated by filled boxes in a) and below the dotted line are
traces from electrodes in the channel. Colors represent frequency at which cell was stimulated.
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7.3.4 Quantitative differences between responses of cells were
observed
The response of cells was qualitatively the same (change in spike shape and latency), but the frequency at
which the effect was observed differed for the cells studied. The cell in Figure 7-2 showed large effects
already at 30 Hz, while the cell in Figure 7-3 tolerated much higher frequency stimulation, and only
showed minimal effects at lower frequencies. From 10 Hz up to 60 Hz, there were minimal changes in
spike shape and timing. The first notable changes occurred at 70-80 Hz, shown in light green and yellow
in Figure 7-3. Stimulation at 90 Hz was required in order for the spike shape to fall to half its original size
(orange curve), which occurred after 3000 stimulations. The most interesting results are from
stimulations at 140 Hz and 160 Hz. In both cases, the spike height first increased before later decreasing
(Figure 7-3a), and the latency first plateaued, following several hundred stimulations up to 1200
stimulations, and then significantly increased once again (Figure 7-3b). As a result of the very large spike
heights that

Figure 7-3: Stimulation at medium to high frequencies results in highly altered axonal waveforms. Stimulating at
10 Hz to 160 Hz was tolerated by this one cell, and because of the large waveforms in the channels, it was possible
to very clearly observe the changes in waveform. a. This cell does not show large effects of the stimulation until
80 Hz (yellow). At higher frequencies and following a larger number of stimulations, the effects are more
th
th
dramatic. b. The change in shape of the waveform from bottom (500 stimulation) to top (4000 stimulation)
shows the stereotypical behavior: decrease in spike height, increase in spike width, and increase in latency. Color
corresponds to stimulation frequency.

were observed in the channels, the effects of the stimulation on waveform shape can be seen very clearly
in Figure 7-3b. After 500 stimulations at all 12 frequencies tested, the spike shape was more or less
unchanged. After 1000 stimulations the effects of the stimulation could already be seen, and after 1500
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the effects were very clear: decreasing spike height, increasing width, and increasing latency. In this
figure, as well as in the previous, the results recorded on a single electrode are shown.
Some cells not only tolerated different frequency stimulation regimes, but also responded in a
non-monotonic fashion to stimulation. Figure 7-4 shows the results of stimulating two different cells from
10 Hz to 70 Hz, once again showing the change in spike height and latency. While the axons of both cells
were able to propagate the spikes at all seven frequencies, they modulated the spikes very differently. In
Figure 7-4a, the spike height dips after several hundred stimulations and then continues to decrease
linearly. The latency is linear, with each frequency

Figure 7-4: Cells reacted slightly differently to stimulation depending on their spontaneous characteristics. a.
Largely linear responses of the axon of one cell, especially with regard to latency. b. Adaptive behavior of another
cell, which responded dramatically to every stimulation frequency that it was subjected to, but then recovered
more (10 Hz) or less (70 Hz) in terms of both spike size and latency increase.c. The spontaneous rate of a cell
appeared to be related to the stimulation frequency that it could propagate faithfully. The abscissa is the average
spontaneous spiking frequency of the cell and the ordinate is the frequency that the cell could propagate with
80% fidelity.

showing a different rate of latency change: the slope of each line is different, where the smallest slope
corresponds to the lowest frequency and the largest slope corresponds to the highest frequency. In
Figure 7-4b very different behavior can be observed. At all frequencies, the first hundred spikes show no
large changes, and then there is a large decrease in spike height, dropping below 60% of the original
height, followed by a recovery, the extent of which depends on frequency, and which is mirrored by the
change in latency. Latency initially increased substantially and then decreased slowly. The only frequency
at which full recovery was made is 30 Hz. As Figure 7-4b top clearly shows, the onset of the original
decrease happens after fewer stimulations at lower frequencies, but after a larger number of
stimulations at higher frequencies. In fact, when the results are visualized by plotting spike height vs.
time rather than stimulation number, all of the curves fall on top of one another: the cell reacts the same
way after a given amount of time, about 10 seconds (100 stimulations at 10 Hz, 200 stimulations at 20 Hz,
etc.), rather than after a given number of stimulation pulses. These two cells show the two extremes in
adaptive behavior that were observed. Other cells, such as the ones shown in Figure 7-2 and Figure 7-3 as
well as several others, showed behavior that was somewhere in between a totally linear response and
significant adaptation: some adaptation to stimulation followed by some recovery, depending on the
frequency of the stimulation.

7.3.5 Changes in [K+] affected axonal response
Following the findings of several authors in both invertebrates and mammals [34, 35], we decided to
change the concentration of potassium in order to observe its effect on axonal propagation of spikes. The
previous experiments were all performed using the standard aCSF medium, with a potassium
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concentration ([K+]) of 5 mM. The plots in Figure 7-5 show data from two such experiments where [K+]
was changed: the left column (Figure 7-5a) shows the results of stimulation following a bath application
of low [K+] medium, while the right column (c) shows the results of stimulation following a bath
application of high [K+] medium. The middle column shows results using the standard aCSF.

Figure 7-5: Potassium concentration affects axonal propagation at higher frequencies. a. Low K+ concentration
caused much more dramatic effects and propagation failures than regular conditions, which are shown in b. c.
High K+ concentration also altered axonal behavior, but not as dramatically. In both cases, the time course of the
changes was altered compared to regular conditions.

As Figure 7-5 shows, altering the potassium concentration had a dramatic effect on axonal
propagation. The results shown here were obtained by stimulating the same cell that was shown in Figure
7-4b, which showed adaptive behavior to stimulation. With lowered K+ levels, the axon was only able to
propagate spikes at 10 Hz, while at higher frequencies the conduction was severely affected. At all higher
frequencies, from 20 Hz to 70 Hz, there was drastic decline in spike size and rapid increase in latency
following 500 (at 20 Hz) to 800 (at 70 Hz) stimulations. Generally the axon was able to recover somewhat,
especially at lower frequencies, but was not able to recover as well as it could in regular conditions. With
elevated K+ levels, the effects were not as dramatic, but again behavior was altered compared to
standard conditions. Spike height was able to recover, although not as quickly as in normal conditions,
while latency was also more affected than in normal conditions. Interestingly, the effect that was
observed before, under normal conditions, that the dip in spike height and spike in latency all happened
after the same amount of time had passed, rather than following the same number of stimulations, was
no longer seen in medium with altered ion concentrations. For both lower and higher K+ concentrations,
the fast change happened first for lower frequencies and only later for high frequencies.

7.3.6 Differential modulation was observed along different axonal
branches
While the response to stimulation was often fairly uniform across a given cell, differential effects along
different axonal branches belonging to the same cell were observed in two cases. These effects could be
observed because the spikes in the channels were so large. Figure 7-6 shows a differential response in
two axonal branches to the same stimulus, at 20, 50 and 80Hz (Figure 7-6b) and at 140 Hz (Figure 7-6c-d).
This is the same neuron whose spontaneous profile was shown in Figure 7-1. In every plot shown in the
figure, electrodes that were in two different channels, each housing a different branch of the same axon,
are shown in red and blue. Figure 7-6a shows the electrode layout: four electrodes in each channel are
numbered and shown in blue (in the left channel) and red (in the right channel) and these correspond to
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Figure 7-6: Stimulation at 20 Hz to 140 Hz showed different effects in the two axonal branches observed. a.
Positions of electrodes in two channels from which spikes were recorded. b. Responses to stimulation at 20 Hz
(left column), 50 Hz (middle column) and 80 Hz (right column) corresponding to the four sets of electrodes shown
in a. c-d. Stimulation at 140 Hz shows that propagation along a channel showed different behavior along adjacent
parts of the same axon. c. Spikes recorded from second to last electrodes in channels (labeled 2). d. Spikes
recorded from last electrodes in channels (labeled 1). While the second to last electrodes responses are very
similar (c), the last electrode responses are not (d).

the four plots in Figure 7-6b. Figure 7-6c shows data recorded from the electrodes with the number ‘2’
(the second colored electrode from the top in Figure 7-6a), while Figure 7-6d shows signals from the ‘1’
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electrodes, those furthest from the stimulation point. Although the blue and red signals track each other
quite closely in Figure 7-6c, there is a clear difference between the responses in Figure 7-6d. The spike
height depicted in blue falls rapidly to less than half its height after 500 stimulations, while the red one
falls to only 80%. There is also a discontinuity in the latency shown by the blue trace after 1100
stimulations. Waveforms recorded on all four electrodes at six different time points are shown: at the
beginning of stimulation and then at five points, designated by dotted lines.
Figure 7-6b shows that differences in the two axonal branches were evident during much lower
frequency stimulation as well. The first column in Figure 7-6b shows the axonal response to stimulation at
20 Hz, while the middle column shows 50 Hz stimulation and the last one shows 80 Hz stimulation. In all
plots the red and blue traces do not track each other very well. At lower frequencies, the spike height in
the blue channel actually increases after 500 (20 Hz) or 2000 (50 Hz) stimulations. At 80 Hz there is some
fluctuation in the spike height, with opposite responses being elicited from the two different branches.
A second cell also showed differential modulation along three different branches. The cell in Figure
7-4b and Figure 7-5, also demonstrated differential responses along its branches. All of the branches
showed the same adaptive behavior, but the effects were much more pronounced in some branches than
in others, especially at lower frequencies. At 10 Hz, all three branches showed the same initial dip in
height followed by a recovery, but then the other two branches (not shown) showed additional dips after
1400 stimulations to 15% and after 2700 stimulations to 50% (first branch) and after 1700 stimulations to
50% (second branch). At 20 Hz, the other two branches showed a much deeper dip initially, and then one
branch showed a dip to 30% after 2200 stimulations. None of these additional changes in amplitude can
be seen in Figure 7-4b.

7.4 Discussion
The major goal of this study was to observe the effect of stimulation on axonal propagation: to observe
conserved or average effects along many different axons and to look for differences between cells as well
as differential effects that could only be seen, e.g., along one axonal branch but not another belonging to
the same neuron. The effects illustrated in Figure 7-2 through Figure 7-6, namely the decreasing height,
broadening width, and increasing latency were observed on all of the neurons that were stimulated. Eight
such cells on four different chips were examined, while the same effects were observed for three other
cells on two chips during earlier exploratory experiments (data not shown). The main differences
between the cells that were observed had to do with the frequency at which these effects became
noticeable. One issue with detecting spikes whose amplitudes decrease over time is that, at some point,
the signal can no longer be extracted from the noise, but may still be present. The larger the signal is to
begin with, such as in Figure 7-3, the easier it will be to detect, even when it falls to 10-20% of its original
size. When the various parameters are normalized to their starting size, however, it is possible to
compare signals of different size in a useful way, by noting the time when the spike height falls to, e.g.,
50% of its original size or the latency doubles. Therefore, even though the original size of the detected
spike depends on many factors, including the proximity and sealing of the axon to the electrode, the
amount of other tissue in the channel, the position of the electrode in the channel, as well as other
factors relating to the cell itself, the influence of these factors can be largely removed from the analysis.
Combining the results from stimulation of many different cells, it appears that the axons of
different cells reacted in a similar qualitative way but in different quantitative ways to a given stimulation
frequency. For example, with regard to spike height, the responses of the four axons shown here, in
Figure 7-2 through Figure 7-4, appear very different. In Figure 7-2, after 40 seconds of stimulation at 40
Hz (1600 stimulations), the spike height had fallen to 50% of its original size. Such an effect was not
observed for the neuron in Figure 7-3 until a stimulation of almost 40 seconds at 90 Hz (3500
stimulations). Of the two neurons in Figure 7-4, the spike height of the one on the left (Figure 7-4a) fell
linearly to 50% toward the end of the experiment with 70 Hz stimulation (over 40 sec). The neuron on the
right (Figure 7-4b) fell to 50% at almost all frequencies of stimulation, but then recovered to larger spike
heights during experiments using 10 Hz to 50 Hz stimulation. Stimulation at 60 and 70 Hz also showed
signs of recovery, which may have occurred if a larger number of stimulations had been performed.

84

Chapter 7: Activity-dependent spike modulation
One explanation for why different neurons reacted at different frequencies is that there is some
relationship between the spontaneous spiking frequency and spiking behavior, e.g., tonic spiking or
bursting, and the spiking frequency that the neuron is able to propagate. There is evidence of this in our
data, and that is the reason that AIS spikes and histograms of interspike intervals are shown along with
the spontaneous spiking profiles in Figure 7-1d and Figure 7-2c. Based on the data, the pattern that we
found is that cells whose overall spike rate is higher are able to propagate higher frequency spikes along
their axons, while cells that fire less often are more affected by high frequency stimulation and fail at
higher frequencies. We looked at what frequencies of stimulation an axon could faithfully propagate for
the full duration of stimulation, 3000 stimulations. Faithful propagation was defined as a spike height of
at least 80% of the original size. Of the eight cells that we studied in depth, three had spontaneous rates
below 4 Hz, and these three cells were also the ones least able to propagate higher frequency spikes
(above 30 Hz). The two most inactive cells had spontaneous rates of 2.2 Hz and 2.5 Hz, and these cells
were only able to faithfully propagate 10 and 20 Hz spikes. On the other hand, the most active cell had a
spontaneous rate of 12.5 Hz, and was able to faithfully propagate 10 Hz to 70 Hz spikes. These results are
summarized in Figure 7-4c. The cell in Figure 7-4b, that showed the adaptive behavior, was also an
interesting case since it only showed bursting behavior. At a rate of about 1 Hz, it would burst eight to 20
times at a very high frequency, often exceeding 100 Hz, and then would be silent before bursting again. It
is possible that the large dip in spike height that was observed after 100 stimulations is a manifestation of
a near-failure mechanism since the cell spontaneously never spiked that many times consecutively.
It was reported by several others [35, 36] that levels of extracellular potassium were elevated
following stimulation at medium to high frequencies, and that changing the concentration of extracellular
potassium could exacerbate (at higher concentrations) or lessen (at lower concentrations) the effects of
the stimulation by causing a small depolarization or hyperpolarization of the cell. They observed that
although elevations in potassium concentration did not exactly mimic the effect of higher frequency
stimulation, it did create some similar behavior. We varied the extracellular potassium levels from the
usual 5 mM down to 2 mM and up to 8 mM. The results of one of these experiments are shown in Figure
7-5, and they are the opposite of what was previously reported by some, [34, 35] but fairly consistent
with observations made by others. [37] The experiment with both lower and higher potassium
concentrations was repeated for three other cells, and in all cases the results were very similar: lowering
extracellular potassium drastically exacerbated the effects of stimulation, so much so that the neuron in
Figure 7-5 could only propagate signals at 10 Hz, and all higher frequency pulses propagated very poorly.
At lower stimulation frequencies, the axon managed to recover and propagated low amplitude spikes,
while at higher frequencies the recovery was limited. In aCSF with higher potassium concentrations, on
the other hand, the axon was able to propagate spikes at all frequencies, although the dynamics were
altered with respect to the normal aCSF. In the case of the neuron in Figure 7-2, with lowered potassium,
much larger effects of stimulation could be seen at 30 Hz, and the higher frequencies propagated even
more poorly than in regular aCSF. At higher potassium concentration, the 40 Hz spike only fell to 50% of
its height after 3000 stimulations (compared to 20% in normal aCSF) and the 50 Hz and 60 Hz spikes
propagated much more faithfully. The same types of the results were seen for the other two neurons that
were used for such experiments: lower potassium caused greater disruptions in propagation at lower
frequencies including increased latency and decreased spike height compared to regular conditions, while
higher potassium protected the cell and enabled more faithful propagation at higher frequencies. These
observations could be explained by the presence of sodium-dependent potassium currents in the axon,
which have been observed in Betz cells in cats. [38, 39] The outward current could be activated following
prolonged stimulation, and contributed to reduced excitability, and was reduced by raised [K+]0 as well as
other agents.
Not only were differential response observed between axonal branches, but some of the effects
already described were not consistently observed in all axonal branches. Figure 7-6 shows the response
of two different axonal branches of the same neuron stimulated at several different frequencies.
Different responses can be seen between the branches of the cell, and also at different points along the
same axonal branch. Interestingly, the clear trend that was observed for most other cells, namely that
spike height decreased with stimulation number, was not observed at all frequencies for one axonal
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branch, which showed the opposite behavior at lower frequencies, see Figure 7-6b. After 500
stimulations at 20 Hz, the spike in the axonal branch depicted in dark blue increased suddenly and
dramatically in size, ranging from 110-140% depending on the electrode. Initial increases in spike height
at certain frequencies have been reported previously. [35] After 2000 stimulations at 50 Hz a similar thing
happened, but the other branch showed very different behavior: a slow monotonic decrease in spike size,
as was described for all the other cells that were studied. At 80 Hz, there was a fluctuation in spike height
after a small number of stimulations, and then both branches behaved in a similar manner to one
another. Two other cells also showed such behavior at lower frequencies (20-40 Hz), although the
increases in spike height were more subtle (not exceeding 110%) than what Figure 7-6b depicts.
Evidence of differences in propagation between axonal branches has been demonstrated in the
past, but using large invertebrate axons as their model systems. [36] Experiments showed that
geometrical differences in axonal branches could generally explain propagation changes and propagation
failures, with thicker branches failing before thinner branches because the load of the thicker branch was
too large to become depolarized. [34, 36, 40] Similarly, antidromic stimulation has been shown to fail to
activate the somatic compartment of a neuron for the same reason. Although we do not have microscopy
data on the cell shown in Figure 7-6, we know that the propagation velocity along the blue branch was
slower than along the red branch suggesting that the blue branch should be thinner than the red branch.
However, we also saw the opposite effects of [K+] on axonal propagation: rather than increasing the
possibility of failure at lower frequency, higher potassium concentrations appeared to be protective to
the axon, while lowered concentrations produced more failures. Following the logic of Grossman, [34]
and assuming a Na+-dependent K+ current, [38] repetitive stimulation should cause a build up of Na+ in
the thinner branch before the thicker branch, thus activating the K+ current there first, and reducing the
excitability of the thinner branch, as we have observed.

7.5 Conclusion
The utility and advantages of our axonal isolation device coupled with the HD-MEA have been
demonstrated in the context of axonal information processing at various medium and high frequencies.
The amplification effect of the channel structures enabled pairing a neuronal soma with its processes,
often including several axonal branches that had grown into different channels, using spontaneous spike
times. Stimulation at the AIS evoked the same cell that was observed from spontaneous spiking, and
showed that those cells reacted to stimulation in a reliable way. Medium to high frequency stimulation
was performed on the cells, and the responses to stimulation along the axons were studied. All of the
cells showed the same basic response to stimulation: following a larger number of stimuli and at higher
frequencies, spike heights decreased, spike widths increased, and latencies increased as propagation
velocities decreased. In a couple of cases, clear differences in modulation between axonal branches were
observed. In one case an axonal branch showed an increase in spike height at lower stimulation
frequencies and showed something akin to propagation failure at higher frequencies. Other cells,
although showing similar qualitative effects to one another, were able to propagate spikes at very
different frequencies. Some cells were unable to propagate spikes already at 30 Hz, while others were
able to propagate spikes at 140 Hz. The reason for these differences appears to correlate with the
spontaneous behavior of each cell, where cells with higher spontaneous rates were able to maintain
propagation at higher frequencies while cells with lower spontaneous rates showed propagation failure.
Although sustained rates of high frequency spiking may seem unphysical, high frequency bursting
is a known phenomenon in vitro. The changes in spike shape and timing that we observed followed a
clear trend, which was that the higher the spiking rate, the quicker the onset of observed effects.
Therefore, at very high frequencies, such as have been observed in both dissociated cells and slice
preparations, only several to tens of spikes could be enough to bring about the effects observed. Shimba
et al. have recently reported changes in conduction velocity during spontaneous bursts using channel
devices in vitro. [24] Using spike sorting on three electrodes in a channel, they were able to observe 8%
increases in conduction delays, as well as a widening of the spike. The types of effects and behaviors that
have been reported could, therefore, be relevant mechanisms that really do influence information
processing in the brain.
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Conclusion and Outlook for part II
8.1 Conclusion
The implementation of the PDMS microfluidic channel device on the HD-MEA represents a unique means
for isolating axons and amplifying propagating axonal signals. The two culture chambers created
networks of cortical neurons that communicated synaptically. The axonal channels guided and
significantly amplified axonal signals allowing the readout of single action potentials with a signal to noise
of 20 to 500, resulting in spikes with heights ranging from several hundred microvolts up to several
millivolts. Characteristic spike shapes were observed whose propagation direction and velocity could be
tracked over tens of electrodes in channels, and which could be paired to signals from somas outside of
channels. Neither averaging nor spike sorting were necessary for signal analysis. Complicated spike
shapes were demonstrated to originate from single cells. Linear superposition of signals from single
simple spikes was shown to reproduce more complex spikes observed in channels.
The channels enabled experiments in the realm of axon information processing, a relatively new
area, which is attracting interest. [1-3] Experiments exploring axonal modulation of medium to high
frequency stimulation demonstrated changes in excitability of the axon that followed a clear progressive
pattern: Spike heights decreased, spike widths increased, and latencies increased as propagation velocity
decreased. The same effects were observed for all cells studied, but some cells showed differential
effects along different axonal branches. Since these effects were attributed to potassium concentration
changes resulting from repeated firing, [4, 5] experiments in medium with different potassium ion
concentrations were also performed, but they showed the opposite effect than what had been seen
previously. Lower potassium concentrations caused more dramatic decreases in excitability and led to
failures at lower stimulation frequencies while higher concentrations protected propagation and allowed
higher frequencies to propagate.
There were two technical disadvantages to the PDMS devices: Pt black could not be used and
chips with devices were not reusable. Pt black was deposited onto several chips with axonal devices
already attached, but cultured cells died before any measurements could be made probably because the
PDMS absorbed some of the toxic Pt deposition solution which then killed the cells. The possibility to
deposit Pt black prior to packaging, should remedy this problem, but could affect adhesion of the device
to the chip. Since experiments without Pt black worked well and the devices provided clear advantages
for reading out axonal signals, Pt black was not pursued further, but may be desirable or necessary for
future experiments. Sealing the device to the chip was a necessary step in packaging the chip to passivate
electrical connections as well as to insure proper isolation of axons from somas. Unfortunately this meant
that the devices could not be removed from the chip. As a result, chip lifetime and reusability both
suffered, but cultures could be maintained for two months or even longer, which was sufficient for
experiments. Improving chip packaging would benefit HiDens chip users overall, and not only
experiments with axonal channel devices. A more robust inert plastic packaging, as has been used for
another new chip in our lab, could be a good solution. [6]
The experiments and results presented in this thesis constitute a promising beginning that
creates a foundation for the further study of axons, axonal information processing, and interactions
between isolated neuronal networks. Our abilities to stimulate single cells and to record single action
potentials from different cellular compartments propagating across tens of electrodes give us unique
access in investigating axonal conduction and processing. The combination of MEAs and axonal channel
devices is being pursued by a number of other groups, and has become a popular new use of MEA
technology. [3, 7-9] Many interesting questions remain not only about normal axonal behavior, but also
about diseased states, axonal injury, as well as interactions between cell types and isolated networks, to
name a few. [10-13]
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8.2 Outlook
Axon information processing is opening up as an exciting new field of study, and microelectrode arrays
have the potential to be an important tool for this type of research. The addition of simple microfluidics,
like the axonal isolation device that was presented, further creates a specialized interface that can be
used to address key questions relevant to axonal biology and physiology. Different designs for the axonal
channels could be used to study specific phenomena and to make controlled experimental conditions. For
example, in order to better understand branch point failures or other non-failure modes of axons where
axonal branches modulate action potential in different ways, it might be advantageous to create
bifurcating channels so that the signals recorded from different branches, as well as the bifurcation itself,
could be housed in channels and read out with high signal to noise. It has been shown that axons respond
to underlying geometry [14] and geometric changes, so it might be possible to create such conditions
using only suitably designed channels, [15] otherwise chemical gradients might be necessary to
encourage arborization or branching. Adding a perpendicular perfusion channel could be useful for other
purposes as well, such as for experiments with different ion concentrations. It would be very interesting
to see whether the changes in behavior that were observed in medium with different potassium
concentrations would persist if only parts of the axon were perfused with a different medium. With such
a perfusion channel, experiments could also be performed with ion channel blockers for specific ion
channels that could be present in the axon.
Pairing the channel device on-chip with patch clamp would enable a number of interesting
experiments, such as re-doing the high frequency stimulation protocols described in Chapter 7, except
stimulating the cell using the patch electrode. This setup would ensure stimulation success, help with
visualization, and enable more subtle experimental protocols. Naturally it would add complexity to the
experiment as well. Stimulating with a patch pipette rather than extracellularly would ensure that
stimulation was taking place and leave no doubt whether a propagation failure observed in an axon was
due to stimulation failure or propagation failure. When propagation failures occurred differentially, there
were no such doubts, but when they occurred in multiple branches, then the exact cause was not known.
The ability to patch the axon, for example by cutting it as it exited the channel and patching the bleb,
would show the significance of the observed extracellular behavior to intracellular action potential
propagation. Additionally, analog and digital integration in the axon [2, 16] could be studied with a high
degree of precision since tens of electrodes could read out the large axonal signals. Experiments
previously performed using dual patch configurations [17] would be enriched with data from extracellular
recordings or the second patch pipette might be deemed unnecessary.
The setup (with or without patch clamp) would be very useful for studying axonal injury and
regeneration, a topic that is not only interesting but important in biomedical applications. [18, 19] The
choice to implant prosthetics where they are needed, [20] and to implant in the spinal cord rather than in
the brain are very sound choices that should cause fewer problems and less interference with cognitive
and other less understood processes. The ability to stimulate nerves selectively [21] is very important and
needs to continue to be pursued to make peripheral implants even more viable. Some setups similar to
ours have been used to study the effects of stimulation on axonal growth cones, [22] and the starting and
stopping of axonal growth with various types of stimulation. [23]
Naturally as our observations of neuronal behavior become more detailed, so too will our ability
to create useful and predictive models, which will then lead to still better understanding. [24, 25] While
the wealth of information accessible with the patch clamp is higher than with multielectrode arrays,
MEAs provide the only possibility to record from and analyze neuronal networks, and, as has been
shown, they are the only way to read out from multiple points along a thin mammalian axon.
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Appendix B: NMR Spectra for TPTC11
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Appendix C: Supplementary Information
for ‘Recording large extracellular
spikes’

Figure C-1: Evolution of spike size and shape in channels over time. Spikes shown in a and b were from the same
electrode and spikes shown in c and d were from the same electrode, but there was a six day time lapse in
between. From a to b, the change was not too drastic, however the size of the spike clearly increased by a factor
of two. From c to d, the effect was more dramatic, especially in the blue spike. The positive peak became more
complicated (two clear bumps instead of one) and the negative peak increased by a factor of five. Spikes marked
in green and blue propagated in the same direction.
Supplementary Movie: Stimulation of axons in a channel back-propagating to somas in chambers and along
axonal branches. Colors correspond to spike amplitudes with red representing the most positive (50 V and
above) and blue the most negative (-20 V and below) voltage amplitudes. The characteristic signature of a
propagating triphasic signal was a positive (red) peak followed quickly by a negative (blue) peak, and then
another smaller positive peak at the end. The signals were especially large in amplitude in the channels. Outside
of the channels, somatic activity was also readily apparent but smaller in amplitude, while axonal signals were
yellow in color, and generally hard to detect in the noise.

C.1 Immunohistochemistry
All steps were performed on a laboratory shaker set to the lowest speed in order to facilitate introduction
of all chemicals into PDMS channels. Chemicals were purchased from Invitrogen unless otherwise
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specified. The volume of each chemical dilution used was to 1 mL. Cell medium was removed and cells
were washed once in phosphate buffered saline (PBS, Sigma-Aldrich) before being fixed in 4%
paraformaldehyde in PBS (pH 7.4) at room temperature for 15 min. Cells were then washed twice with ice
cold PBS. In order to access intracellular target proteins, cells were permeabelized with 0.25% Triton X100 (Sigma-Aldrich) in PBS for 10 min, and then washed three times with PBS for five min each. Unspecific
antibodies were blocked by incubating the cells in 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS +
0.1% Tween20 (Sigma-Aldrich) (PBST) for 30 min. Primary antibodies diluted in 1% BSA in PBST were then
introduced, and cells were incubated in this solution overnight at 4 °C. Primary antibodies and dilutions
used were anti-MAP2 IgG chicken (1:500, abcam), anti-Tau-1 IgG mouse (1:100, Millipore), and anti-GFAP
IgG rabbit (1:100).
The next morning the solution was removed, and cells were washed three times for five min each
in PBS. The secondary antibodies with fluorophores were then diluted in 1% BSA in PBS, and cells were
incubated in the dark in this solution for one to two hours. Secondary antibodies were all diluted 1:200,
and they were: Alexa Fluor 555 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG, and Alexa Fluor
647 goat anti-chicken IgG. The solution was removed and cells were washed three times for five min each
with PBS. Finally, cells were incubated for one min with 1 mg mL-1 DAPI (double stranded DNA stain), and
rinsed twice with PBS. A drop of mounting medium (AF1, citifluor) was then placed onto the cells
followed by a coverslip. Samples were stored at 4°C prior to imaging.

C.2 AAV Construction and Production
Membrane-bound tdTomato was constructed via PCR, adding a farnesylation domain from Gap43
(Neuromodulin) to the N terminus (MLCCMRRTKQVEKNDEDQKI). Oligos used were
ggatccggatccgctagcgccaccATGCTGTGCTGTATGAGAAGAACCAAACAGGTTGAAAAGAATGATGAGGACCAAAA
GATCatggtgagcaagggcgaggag and gaattcgaattcggcgcgccTTACTTGTACAGCTCGTCCATGCCGTAC. PCR
fragment was cloned into a pAAV vector via restriction sites AscI and NheI to produce pAAV Ef1alhpa DIO
mem-tdTomato. Construct was tested for membrane localization in 293T cells and transfection of mouse
brain (data not shown). Due to the tandem nature of tdtomato, a farnesylation domain was also added to
the middle of the membrane-tdtomato construct, but that did not affect the fluorophore intensity nor
the membrane localization. The cre-GFP AAV was ordered from Penn Vector (AV-1-PV2004).
Production of the AAV encoding membrane-bound tdtomato was performed as previously
described by triple transfection of HEK 293T cells with PEI (Polysciences, no.23966) with the tdtomato
plasmid, an AAV-helper plasmid encoding Rep2 and Cap of serotype 8 and the pHGTI-Adeno1 plasmid
encoding helper adenoviral genes.[1] Vectors were purified using a iodixanol gradient (Sigma, Optiprep).
Encapsidated DNA was quantified by TaqMan RT-PCR (forward primer: GGCTGTTGGGCACTGACAA;
reverse primer: CCAAGGAAAGGACGATGATTTC; probe: TCCGTGGTGTTGTCG) after denaturation of AAV
particles by Proteinase K. Titer was calculated as genome copies (GC) per ml. Titer for the virus was 1.24 x
1013.
Viruses were dropped onto cultures and then incubated for several days prior to imaging.
1.

Grieger, J.C., V.W. Choi, and R.J. Samulski, Production and characterization of adeno-associated
viral vectors. Nature protocols, 2006. 1(3): p. 1412-1428.
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