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Abstract
Classical tools to record and stimulate electrogenic cells, mainly cardiac cells and
neurons, are intracellular patch clamp micropipettes and extracellular microelectrode arrays
(MEAs). The former has high precision while the latter is suitable for non-invasive, long-term,
parallel interrogation of a large number of cells. A lot of recently developed electrophysiology
tools are based on the MEA scheme by devising nano-sized structures as electrodes that can
penetrate into cells and thus circumvent signal attenuation across cell membrane. These
nanoelectrode arrays (NEAs) aim at combining both strengths of the classical tools, but
inherently suffer from unprecedentedly high electrode impedance from the small electrode size.
One important way to emolliate the intrinsic predicament is to customize signal processing
electronics able to optimize the acquired signal-to-noise ratio, feasible with the help of
industrialized complementary metal-oxide-semiconductor (CMOS) technology. Two generations
of application-specific integrated circuits (ASICs) are designed and fabricated to advance a
previously developed vertical nanowire electrode array. These CMOS-assited nanoelectrode
arrays have front-end amplifiers right underneath, or nearby, the nanoelectrodes, lessening signal
attenuation along the stray parasitics. Meanwhile, these arrays can achieve very high array
density—32 × 32 with 126-μm pitch and 64 × 64 with 20-μm pitch, respectively—with CMOS
multiplexed outputs that greatly simplify interconnects. In electrophysiology experiments, these
iii

CMOS-assited

nanoelectrode

arrays

prove

to

have

network-level,

intracellular

stimulation/recording capabilities, able to simultaneously record intracellular membrane
potentials of hundreds of connected in vitro neonatal rat ventricular cardiomyocytes. We then use
it to examine the effect of pharmaceuticals on the fine, important details of the cardiomyocyte
network dynamics.
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Chapter 1

Introduction
In this chapter, we will explore the context and motivation for our design of a
complimentary metal-oxide-semiconductor (CMOS) integrate circuit (IC) used as an electronic
base to interface mammalian electrogenic cells by both stimulating and recording electrical
signals from these cells. The design aims at intracellular interrogation for single-cell resolution
and high fidelity, as well as simultaneous operation on a large number of cells. Before diving
into the details of the design, we will first introduce the electrogenic cells, their behavior and
electrical properties, and then discuss classical tools and recently developed new tools used to
communicate with these cells. We will show that by introducing CMOS technology to this field,
both signal performance and spatial scale of interrogation can be greatly enhanced.

1.1

Mammalian Electrogenic Cells
Mammalian electrogenic cells are cells that exhibit dynamic electrical activities. These

activities can be the trigger of muscle contraction, the output of sensory receptor, and even
abstract information coded in high-level cognitive process. A lot of electrophysiology studies
have been devoted to structures and functions of these cells. On cellular level we have a
relatively clear understanding of how these various electrical activities are generated.
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The electrical activities manifest themselves as fluctuations on the electrical potential
difference across cell membrane. Cell membrane is mainly made of a non-conductive lipid
bilayer that can be modeled as capacitance 𝐶m . Conventionally we define membrane potential 𝑉m
(technically a voltage instead of potential) as intracellular potential minus extracellular potential
across 𝐶m . Membrane potential and its variation are a result of concentration differences of
various biological ions across the membrane (including sodium Na+, potassium K+, calcium Ca2+,
chlorine Cl-, etc.), which are regulated by a repertoire of specialized transmembrane proteins
called ion pumps and ion channels. Ion pumps actively transport certain ions across membrane
against their concentration gradient, while ion channels permit passive transport of certain ions
along their concentration gradient. Ion pumps are always “on”, consuming energy from
adenosine triphosphate (ATP) to drive different ions in different directions to create and maintain
their concentration gradients. Ion channels vary by their gating behaviors: some are always “on”,
working as constant leakage for certain ions across the membrane; some are only “on” when a
gating condition is met, which can be a membrane voltage range or a specific ligand molecule.
The general model of ion channels can hence be described, according to the famous HodgekinHuxley model[1], as
𝐼𝑖 = 𝑔𝑖 (𝑉m − 𝑉𝑖 )

0.1

where 𝐼𝑖 is the current through all ion channels of a certain type 𝑖, 𝑉𝑖 is the reversal potential
(also known as Nernst potential) of this type of channel due to ion concentration gradient, and
𝑔𝑖 is the combined conductance of all ion channels of type 𝑖. 𝑔𝑖 is a constant value for a leakage
channel, otherwise it is a time-variant function of membrane voltage 𝑉m for a voltage-gated
channel, or a time-variant function of nearby ligand molecules for a ligand-gated channel. The
total current through the membrane is given by
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Figure 1.1: Hodgekin-Huxley model of an electrogenic cell. The cell has a constant leakage
channel (Leak), a constant chlorine channel (Cl-), a variant sodium channel (Na+) and a variant
potassium channel (K+), each with its own reversal potential 𝐸𝑖 . Currents from all channels 𝐼𝑖 and
extracellular input 𝐼m are summed on the membrane capacitance 𝐶m .

𝐼 = 𝐶m

d𝑉m
+ ∑ 𝑔𝑖 (𝑉m − 𝑉𝑖 )
d𝑡

0.2

𝑖

where 𝑖 is summed over all types of ion channels. Figure 1 shows the electrical schematic of an
example Hodgekin-Huxley model.
When no input current disturbance is applied, the membrane potential is at its resting
potential 𝑉rest (generally around -70 mV for most cells) after all ion channels reach equilibrium,
hence by satisfying ∑𝑖 𝑔𝑖 (𝑉rest − 𝑉𝑖 ) = 0. When input current is injected/withdrawn from the
cell, transient dynamics of membrane potential are observed. These transient dynamics can be
drastically different from the input due to highly non-linear interaction among voltage-gated
channels, as in the example of action potential generation. An action potential is a rapid cell
response to stimulation when membrane voltage 𝑉m undergoes a quick rise followed by a quick
fall back to the resting potential, generating a spike-shaped waveform that propagates to other
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cells. The amplitude of an action potential can reach 100 mV and above, however the input
signal that triggers it only needs to reach a threshold voltage, which is merely 20 – 30 mV above
resting potential. The action potential is generated due to voltage-gated sodium Na+ channels (or,
as in some cases, voltage-gated calcium Ca2+ channels) that are “off” at resting potential but turn
“on” at threshold voltage. When activated, they lead to large inward flux of sodium ions that
rapidly depolarizes the membrane potential. However, these channels inactivate after a short time
of opening, reducing the inward current quickly after the initial upswing. Meanwhile, voltagegated K+ potassium channels are activated and produce a large outward current that brings the
membrane potential back to resting potential. Action potentials are the output signals of many
electrogenic cells. They can directly control contraction of muscle fibers, lead to downstream
chemical reactions, and propagate to other electrogenic cells so as to formulate network-level
communication.
Two major groups of electrogenic cells under our investigation are cardiac cells within
the heart and neurons within the nervous system. Cardiac cells have two types that are
electrically active: cardiac pacemaker and cardiomyocyte. Cardiac pacemakers[2], a small
fraction of all cardiac cells, are spread all over the heart, but are also found clustered at specific
nodes and areas. They have the ability to generate rhythmic action potentials (~100 Hz)
spontaneously and send them out to elicit action potentials in surrounding cardiomyocytes.
Cardiomyocytes, which make up most of the heart chambers, only fire action potentials under
external excitation. They contain abundant muscle myofibrils that contract in the existence of an
action potential, leading to heartbeat. Cardiac cells connect with adjacent cells through
intercalated discs, with both mechanical and electrical connections. The electrical connection is
achieved through gap junctions within the discs and these junctions allow free ion flows through
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them[3]. A cardiac cell culture has both types of cells evenly distributed, and spontaneous
beating of cells can be observed, which is believed to originate from pacemakers and propagate
all over the whole cultures.
Neurons, contrary to cardiac cells, are highly varied in their structures, although a generic
structure is often portrayed to have a cell body known as soma where action potentials can be
generated, thin processes known as dendrites in the shape of a branching tree (the input side of
neuron), and a thick sheathed process known as axon extending over a very long distance (the
output side of neuron). Neurons connect with each other through mainly through chemical
synapses, specialized biological junctions generally formed between an axon terminal and a
dendrite that transduce electrical signals to chemical signals and then back to electrical signals.
Upon voltage excitation from an action potential generated in soma, the presynapse at the end of
an axon releases chemicals known as neurotransmitters. These neurotransmitters diffuse through
a very short-distanced synaptic cleft (20 – 40 nm) towards postsynapse located on the dendrite of
a second neuron, where they bind with postsynaptic receptor proteins. These receptors mainly
consist of ligand-gated ion channels that are activated by the neurotransmitters and induce local
membrane potential change, either positive (excitatory) or negative (inhibitory) depending on the
type of ions controlled by the channels. These potentials, known as postsynaptic potentials (PSP),
are the input signals of a neuron. A typical neuron has thousands of synaptic connections with
other neurons. PSPs generated at all these synapses travel towards soma and alter soma
membrane potential. If soma membrane potential reaches threshold potential, an action potential
is fired and sent down its axon at a high traveling speed (up to 100 m/s). Chemical synapses
exhibit synaptic delay (~1 ms) in signal transmission, whereas gap junctions in cardiac tissue has
almost no delay. However, the existence of chemical synapses greatly contributes to the
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Table 1.1: Electrogenic cell signal characteristics[4]
Membrane electrical signal
Action potential

Amplitude (mV) Frequency range (Hz)
100

2 – 5,000

Cardiac cell

Neuron

Membrane oscillation 0.5 – 20

1 – 100

Action potential

100

500 – 5,000

PSP

0.5 – 10

100 – 1,000

Membrane oscillation 0.5 – 5

1 – 50

complexity and flexibility of neuron network formation, as chemical synapses can produce a
large variety of PSPs of different sensitivities, polarities, strengths and temporal profiles and all
these properties are plastic and trainable based on history of synaptic activities.
Table 1.1 summarizes the different electrical signals we observe in electrogenic cells and
their amplitude and frequency ranges. In the table membrane oscillation refers to membrane
activities beyond synaptic and action potentials. These are subthreshold activities and generally
rhythmic in nature. They are determined by intrinsic properties of cell membrane and define how
cells behave independently without interaction with other cells.

1.2

Classical electrophysiology tools
An ideal interface with electrogenic cells can be defined with the following properties:

bi-directionality, non-invasiveness, stability, high-fidelity and parallelism. First of all, the
interface should enable bi-directional communication with cells—both recording and stimulation
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are needed so that the cells can be monitored and manipulated at the same time. Second, the
interface should be non-invasive to cells, having no impact on cell survivability, normal
biochemical functionality or electrical property, so that the behavior observed by the interface
should be exactly the same as that of cells free from interfacing. Third, the interface should be
stable, allowing long-term access to cells for days and months. Forth, the signals captured
through the interface should faithfully represent the electrophysiological activities inside the
cells, having sufficient signal-to-noise ratio and exhibiting no signal distortion. Finally, the
interface should enable simultaneous interrogation of a large number of cells, as network
behaviors generally involve contributions from at least thousands of cells interconnected in
different patterns. With such an ideal interface, we are able to not only acquire accurate
information on all communications going on in a large network of cells but also inject
information of any pattern into the network to modify network behavior.
Such an ideal interface is non-existent yet, but many electrophysiological techniques have
been developed to achieve as many of the ideal properties as possible. At the core of the design
of such an interface is to build the device that transduces the ion-based electrical signals in cells
into electron-based electrical signals able to be processed by computers. Most classically, metal
conductors and glass pipettes filled with electrolyte are applied as electrodes to achieve this
purpose. These electrodes can be directed inside cells by penetrating through cell membrane for
intracellular interfacing, or can be placed in close proximity, but outside of cells for extracellular
interfacing, each with its own pros and cons.
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1.2.1 Intracellular Electrophysiology Tools
Intracellular interfacing is achieved by inserting a sharp electrode small enough into a
single cell, thus allowing contact between the electrode and intracellular cytoplasm and enabling
direct measurement and manipulation of intracellular membrane potential. Classically a glass
micropipette (~1 μm in tip diameter) is used as the electrode, because the rim of its tip can form
a very tight seal (GΩ) with the cell membrane when pressed against it under the control of a
micromanipulator. Then negative pressure is applied to the micropipette, rupturing the small
patch of cell membrane encircled by the pipette rim, connecting cytoplasm with electrolyte
inside the micropipette. The tight seal prevents intracellular material from leaking into
extracellular matrix, hence maintaining normal cell functions. In this configuration, bidirectional
communication can be conducted: high-fidelity recording of all three types of membrane
electrical signals can be achieved due to the low access impedance of a micropipette; flexible
current stimulation can be carried out and complicated loop controls such as voltage clamp and
even dynamic clamp can be done with appropriate circuit support. This intracellular interface by
micropipette is a milestone technique in the history of electrophysiology and a lot of studies on
individual cells are accomplished through this method[5]–[7]. However, its drawbacks are also
clear: first of all, micropipette electrolyte can dilute cytoplasm in the long run; second, the
micropipette is unable to maintain contact with the cell for more than hours due to mechanical
instability; finally, the bulky micromanipulator and complicated process it takes to form a tightsealed intracellular access prevent parallel interrogation of a large number of cells—typically a
skilled neurobiologist with a specialized micropipette system can patch no more than ten cells at
the same time.
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Classically, micro-scale sharp metal conductors are also able to penetrate into cells for
intracellular interfacing. However, unlike micropipette, these microneedles cannot form a tight
seal with the cell membrane due to their size. Significant leakage at the interface would
deteriorate cell functionality and health very quickly, so only very short-term (seconds)
intracellular interrogation can be achieved before the cell loses its electrical excitability or even
dies.

1.2.2 Extracellular Electrophysiology Tools
Extracellular interfacing is achieved by placing metal conductors, of different shapes in
different applications, close to cells and interrogate cells indirectly. Metal needles and metal pads
that are ~10 μm in size are traditionally fabricated as electrodes in an array to access a large
number of cells simultaneously. These MicroElectrode Arrays (MEA) ranges from 50 to over
10,000 in the number of electrodes[8]. For in vitro experiments, extracellular interfacing is
completely non-invasive to cell structure and can last for months with the cells cultured directly
on top of the array, hence MEA is the go-to method for long-term monitoring of a large cell
network[9]–[13]. However, the bidirectional communication through MEA has much lower
quality as compared to that in an intracellular scenario: first, without explicit single-cell
registration, a MEA electrode can pick up signals from more than one cells—in the case of larger
electrode, an ambiguous ensemble average of many cells surrounding the electrode called Local
Field Potential (LFP) is actually recorded; second, without direct contact with cytoplasm, the
extracellularly acquired signal is an highly attenuated (amplitude) and distorted (frequency)
version of the membrane signals, and the attenuation and distortion depend on the cell-toelectrode conformation and vary from site to site; third, stimulation through MEA electrodes
also suffer from the lack of single-cell registration, leading to unwanted triggering of nearby
9

Table 1.1: Comparison between classical electrophysiology tools
Intracellular interface by micropipette Extracellular interface by MEA
Bidirectionality

Yes

Yes

Non-invasiveness Good

Excellent

Stability

Hours

Days/months

High-fidelity

Excellent

Poor

Parallelism

Up to 10

More than 10,000

cells. Consequently, classical extracellular recording is unable to resolve low-amplitude
subthreshold activities including PSPs and membrane oscillations, and the action potentials
measured in this way are low-pass filtered—instead of the original monophasic positive shape,
their waveform vary from biphasic to monophasic negative after distortion.
The information of subthreshold activities is very important to a comprehensive
understanding of cell activities. With only monitoring on action potentials alone, it is unclear
how these action potentials are elicited, and how action potentials are suppressed in some other
cases. They could be caused by interaction between excitatory and inhibitory synaptic inputs
from different sources, or they could be a result of intrinsic membrane oscillations, or they could
be a mix of both. Moreover, the plasticity of network behavior, often encoded in the short-term
or long-term change of synapse strengths, are unable to be observed in an extracellular
interfacing.
Table 2 summarizes the interface properties of classical electrophysiology tools. We can
see that intracellular interface has its forte in high-fidelity recording of all membrane signals but
it not suitable for long-term or large-scale experiments; extracellular interface is the exact

10

opposite. Advances in electrophysiological studies call for a better tool that can provide fortes of
both classical tools.

1.3

Recent Development in Interfacing Tools
The pursuit of an ideal electrogenic cell interface is non-stop. Recent advancement sees

the incoming of a brand-new way of using optic signals to facilitate the interfacing, while
endeavors to perfect the classical electrophysiology tools, especially to merge intracellular and
extracellular methods, also witness significant progress.

1.3.1 Optophysiology Tools
One field that is under quick development for electrogenic cell interfacing is optical
approach, including voltage-sensitive dyes, calcium indicators and optogenetic proteins[14]–[18].
These methods use chemicals to sense membrane voltage change or ion concentration change
and transduce these changes into fluorescent signals. Then a microscope is used to capture these
light signals and record them into electrical signals to be processed and stored by computers.
Chemicals are carefully chosen to minimize their impact on cell functionality and survivability
(although some chemicals used are slightly or moderately toxic to cells depending on dosage),
also to improve signal-to-noise ratio and spatial/temporal resolution. For stimulation, optogenetic
actuators such as light-gated ion pumps and light-gated ion channels are applied to stimulate
cells under the control of light. This arsenal of chemicals for optical interfacing not only provides
non-invasive monitoring of cells, but also is highly scalable to watch over a large number of cells
simultaneously. One big advantage of optophysiology tools is that they can present information
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in very thin processes of a cell that are not accessible by micropipettes or microelectrodes due to
their sizes, also they can target certain cell types or certain cell regions with the help of selective
genetic expression.
Optophysiology is a promising and burgeoning field that resembles many of the
properties of an ideal electrogenic cell interface, however, classical electrophysiological methods
still have their own advantages that are not easily replaceable. First, electrodes provide the most
direct way to stimulate cells, and advanced stimulation controls, such as voltage clamp and
dynamic clamp, can be readily implemented with electrodes, but not with optic tools. Electrode
interface sets up direct conversation between membrane electrical activities and solid state
computers, providing the most straightforward way to instantiate brain-machine communication.
Optic tools show a lot of valuable merits in recording cell behaviors, but to achieve ideal
bidirectional communication between cells and computers, they add an extra layer of
complication by introducing optical signals as an intermediate. Second, electrode-based methods
are label free and bear no biological modification to the cells. All optophysiological methods
require preparation of sample biochemical treatment, which can greatly hinder its development
into in vivo applications on live animals. Third, extracellular interfacing by MEA has proved to
be stable for long-time interrogation lasting up to months, however, optic methods suffer from
photobleaching, an automatic process that in a certain amount of time renders fluorescent dyes
and proteins unable to fluorescence permanently. Photobleaching becomes a more severe issue
when high temporal resolution is required in recording, as these fluorescent chemicals need to be
exposed to higher-powered light, therefore exhibiting stronger fluorescence, to boost camera
recording speed. Photobleaching sets the tradeoff between the temporal resolution and lifetime of
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optic observation and is not suitable for more than hours of interfacing before replenishment of
dyes or proteins is needed.

1.3.2 Progress in Electrophysiology Tools
The goal of electrophysiology tool development is to merge the high fidelity of
micropipette technique with the non-invasiveness, long-term stability and highly scalable
parallelism of MEA. The microneedle technique that is intracellular and scalable played a
pioneering role—with the introduction of newly emerged nanotechnologies, smaller nanodevices
are fabricated in a top-down substrate-integrated fashion that is similar to MEA, and these
devices are small enough to achieve intracellular access without damaging cells and affecting
their normal behaviors. Namely, the new progress in electrophysiology aims at reinventing with
nanotechnology the electrodes of MEA and making them intracellular while retaining all other
ideal properties of a classical extracellular interface.
The parallelism feature requires all new electrophysiological developments to use topdown fabrication processing. Nano-scale photolithography and etching are used to build
nanodevices used as nanoelectrodes, and an array of these nanoelectrodes are patterned so as to
interrogate a large number of cells at the same time. These NanoElectrode Arrays (NEA) rely on
a finely designed nanodevice to gain intracellular access to cells while remain non-invasive,
stable and able to capture membrane signals with high signal-to-noise ratio and minimal
distortion. Nanoelectrodes of various geometries, including pillars (150 nm in diameter)[19],
[20], tubes (180 nm in diameter, 40 nm wall thickness)[21], mushrooms[22] and straws[23], [24],
have been reported to be able to interface different electrogenic cells (cardiomyocytes,
invertebrate neurons, mammalian neurons) and access intracellular membrane signals, and they
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are all scalable owing to their top-down fabrication philosophy. Most of these nanoelectrodes are
etched down to around 100 – 200 nm, a size small enough to reach inside cells without causing
substantial damage. Other methods are also used in some of these works to facilitate intracellular
access to the cells: lipids and other biocompatible chemicals are coated on some nanoelectrodes
to help with penetration; certain biochemical coating even proves to be able to lure cells to
actively engulf the nanoelectrodes; electroporation—a method that apply electrical pulses on
nanoelectrodes to create temporary pores on close-by cell membrane—also succeeds in granting
these nanoelectrodes intracellular access to cells when spontaneous penetration fails to happen.
All these works report successful intracellular measurement of membrane signals, and all
recorded action potentials have monophasic positive shape, which only intracellular
measurement is able to obtain classically, but none of them has the level of high-fidelity
recording as micropipette patching has. The major difference here lies in the impedance of the
electrode. Generally the highest impedance of an electrode interface lies at the electrode surface
where electrochemical reactions occur. At this interface the ion-based signals in the electrolyte
and the electron-based signals in the electrode convert into each other. This impedance is
inversely proportional to the effective surface area of the chemical reaction. Micropipette has a
silver-chloride-coated silver wire as the electrode in the electrolyte filling the pipette glass tube.
This electrode has a very large surface (mm in diameter and cm in length) compared to the size
of the tip of the micropipette (1 μm), and the micropipette tip only acts as a conduit of electrolyte.
So a micropipette actually has an electrode that is not micro-sized. The nanodevices used in these
NEAs, on the contrary, are the actual electrodes for electrochemical conversion and are sized at
100 – 200 nm in diameter, hence their electrochemical surface area orders of magnitude smaller
than that of the micropipette system, leading to an impedance orders of magnitude larger. This
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large electrode impedance results in great signal attenuation albeit intracellular, because
parasitics at the electrode causes unwanted signal division and conventional measurement
circuits readily available for biology labs don’t have a high enough input impedance to match
these nanoelectrodes, What these NEAs measure is a highly attenuated but not severely distorted
membrane signal, therefore retaining the original waveforms but unable to resolve subthreshold
activities in most cases.
So is it worthy of all the effort to minimize electrode size for intracellular access while
the drastically increased impedance diminishes the acquired signal amplitude anyway? The
answer is yes. Without intracellular access it is impossible to obtain subthreshold signals, as
these signals are attenuated below noise level through cell membrane and contact junction before
reaching extracellular electrodes. With intracellular access, there is still plenty of room for
optimization: different surface metal coatings for the nanoelectrodes are expected to reduce their
impedance by either increasing effective surface area or facilitate electrochemical reaction;
careful circuit design can help reduce parasitics and also provide a high-impedance front-end
amplifier to match the electrodes; what is more important is the noise control of the whole signal
path—as long as the signal-to-noise ratio is maintained for the subthreshold events, even with
severe attenuation they can be recovered through amplification.

1.4

CMOS-Assisted Nanoelectrode Array
In our work, we are developing a Complementary Metal-Oxide-Semiconductor (CMOS)

Integrated Circuit (IC) to improve a previous work by Hongkun Park Lab[19] at Harvard
University. Park Lab developed vertical nanowire electrodes that successfully achieved
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intracellular interrogation of mammalian neurons. These nanowire electrodes were top-down
defined using standard fabrication technology compatible with CMOS industry, and hence can
be readily constructed into a large-scale array for parallel operation. The first proof-of-concept
vertical

nanowire

electrode

array

(VNEA)

therein

featured

4

×

4

bidirectional

recording/stimulation sites for intracellularly evoking or recording action potentials of multiple
rat cortical neurons simultaneously. Off-chip circuits were used to address these 4 × 4
nanoelectrode sites.
Here we adopt CMOS technology to assist the development of an improved VNEA that
has higher performance in both high fidelity (less attenuated signal and higher signal-to-noise
ratio) and parallelism (larger array size). Two generations of CMOS chips are developed,
providing circuits for vertical nanowires directly post-fabricated on top of the chips. The
introduction of on-chip CMOS electronics to this nano-bio technology lends solutions to a few
practical challenges with the stand-alone vertical nanowire electrodes operated with off-chip
electronics[25]. First, the vertical nanowire electrodes have very high impedance (~GΩ) due to
their small surface area, and thus pass a small amount of current when measuring an
electrophysiological event. In the off-chip amplification scenario, this already small current from
the nanowires is attenuated greatly, leaking profusely through the large parasitic capacitance of
the long signal path toward the off-chip amplifier[25]. In contrast, our use of CMOS builds in
site amplifiers right underneath the vertical nanowire electrodes and they shorten the signal path,
mitigating signal attenuation. Second, on-chip electronics are customized to handle the high
impedance of the vertical nanowire electrodes, and design considerations on noise control are
emphasized to optimize signal-to-noise ratio instead of just lessening attenuation on signal
amplitude. Third, it is virtually impossible to wire nanowire electrodes of every site out to the
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off-chip interface when we expand the work into a high-density, large-scale array. On-site
multiplexing circuit in the underlying IC aptly addresses this issue[8], [26]: by sampling and
interleaving amplified data from multiple sites and transmitting them over a single wire, the total
number of wirings from the array is significantly reduced to a practical level. Fourth, using
global control signals from off-chip electronics, shared by all sites, results in limited
functionality and controllability. Employment of the in situ memory at each site allows for
versatile, real-time control of each site; the memory can be repeatedly programmed to change
individual site function between stimulation and recording and to alter the characteristics of each
site electronics (e.g., amplifier gain). CMOS technology per se has been used in several works to
operate large-scale (up to ~16,000 sites) extracellular MEAs[27]–[32]. By contrast, here, we
combine this massive parallelism of CMOS technology with NEAs, aiming at intracellular
electrical interface. The unique properties of the vertical nanowire electrodes pose different
device development challenges, as compared to the CMOS MEAs.
In Chapter 2, I will discuss the electrical model for the interface between electrode and
cell, which sheds light on how to customize CMOS electronics for the interface. In Chapter 3, I
will explicate design techniques for the front-end amplifier, the very first CMOS circuit
connected to the electrode and also the most important one in determining measured signal-tonoise ratio, emphasizing on tradeoffs among area cost, power consumption and amplifier
performance. In Chapter 4, I will present two different generations of CMOS ICs fabricated,
elucidating their site level and array level design specifications and showing electrical test results.
In Chapter 5, I will talk about electrophysiology experiments done with our ICs to interface
electrogenic cells—cardiomyocytes to be specific—and display some biologically relevant
results to demonstrate the capabilities of our devices.
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Chapter 2

Electrode-Cell Coupling
In this chapter, we will discuss the general electrical model of cell-electrode coupling that
applies for both intracellular and extracellular interfacing. The coupling from membrane signal
in the cytoplasm to the electrode takes two steps: first, the signal propagates to the electrolyte in
immediate proximity of the electrode, either through direct electrolyte contact for intracellular
interfacing or through the patch of cell membrane in contact with electrode for extracellular
interfacing; second, the signal transmits through the electrolyte/electrode interface and becomes
electron-based signal readily available to the solid-state electronics. As the second step at the
electrolyte/electrode interface has been the focus of electrochemistry since the birth of this field
in the 18th century, a relatively comprehensive understanding of it is available, which will be
briefed first below. Then we will have a more detailed discussion on the first step of signal
propagations, which gives insight on the intrinsic difference between intracellular and
extracellular measurements and explains what have been observed in recent developments in
electrophysiology tools that blur the boundary between these two regimes with the help of
advances in nanotechnology.

2.1

Electrolyte/Electrode Interface
When a conductive electrode is partly immersed in an electrolyte, a special structure

called double layer is set up across the two phases under thermal equilibrium. The double layer is
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made of two parallel layers of charge surrounding the immersed electrode. The first layer, called
surface charge, is made of ions directly adsorbed onto the electrode. Surface charge ions, either
positive or negative, are tightly adhered to the surface by forces of chemical interactions. The
second layer, called diffusion layer, consists of ions of opposite polarity attracted to the surface
charge. Ions in the diffusion layer are loosely attached to the surface charge via Coulomb force
and constantly diffuse around in the fluid under thermal agitation. The double layer is therefore
two layers of counterions separated by a certain distance, essentially a capacitor in an electrical
point of view. Together with the formation of double layer a built-in potential exists across the
electrolyte/electrode interface.
Experiments show that the differential double layer capacitance for AC signals is linear
under low frequencies and below the electrolyte’s decomposition voltage[33], [34]. The
biological electrical signals from electrogenic cells are in this linear regime, hence a simple
capacitance suffices to capture the electrical properties of the double layer in our study. The
capacitance 𝐶𝑑 can be estimated as a parallel plate capacitor by

𝐶d =

𝜖𝐴
𝑑

2.1

where 𝜖 is the dielectric constant of electrolyte, 𝐴 is the effective area of contact between
electrode and electrolyte, and 𝑑 is Debye length—the separation of distance between the two
layers of counterions.
Clearly the chemical components of both the electrode and the electrolyte are determinist
factors that affect the double layer capacitance. In most cases, as will be described later, a large
double layer capacitance is sought after to reduce electrode impedance for high signal-to-noise
ratio recording. The Debye length is inversely proportional to the square root of ion
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concentration in the electrolyte, however in all our experiments we cannot change the electrolyte
but to use extracellular matrix solution for the cell culture. Therefore electrode material and
electrode shape are viable designing variables in optimizing the effective area of contact so as to
enhance the double layer capacitance.
Another electrical property of the electrolyte/electrode interface is the Faradaic process,
which refers to the electrochemical reactions that happen at the interface when current is passed
through. Electrochemical reactions are redox reactions. When current is injected from the
electrode to the electrolyte, oxidation reaction occurs at the interface and the electrode works as
an anode. When the current is drawn from the electrolyte to the electrode, reduction reaction
happens and the electrode works as a cathode. To form a complete loop of current flow, two
electrodes are needed and each contributes half to the complete redox reaction. The chemical
material of the electrode itself can be part of the redox reaction, as in the case of Ag/AgCl
electrode, or it can be a catalyst, as in the case of a Pt electrode.
Ag/AgCl electrode:

AgCl(s) + e− ↔ Ag(s) + Cl−

Pt electrode: 2H + + 2e− ↔ H2 (g)

2.2
2.3

If the Ag/AgCl electrode and the Pt electrode are put together to form a complete system, where
the Pt electrode is the working electrode and the Ag/AgCl electrode is the reference electrode,
the complete cell chemical reaction is
2H + + 2Ag(s) + 2Cl− ↔ H2 (g) + 2AgCl(s)

2.4

For each type of redox at the electrode, the electrochemical potential is the equilibrium
potential across the electrolyte/electrode interface at which point there is no current passing in
either direction for the redox reaction. The electrochemical potential is a function of the chemical
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activities for the oxidizing agent and reducing agent. The difference between the two
electrochemical potentials of the two electrodes is the equilibrium potential of the whole twoelectrode system. Let us make rules for the signs of voltage and current: voltage is defined as the
potential of working electrode minus the potential of reference electrode, and current is defined
in the direction from working electrode towards reference electrode in the electrolyte. The
equilibrium potential follows the Nernst equation as:

𝐸eq =

𝑅𝑇
𝑎Ox1
𝑎𝑂𝑥2
[ln (
) − ln (
)]
𝑧𝐹
𝑎Red1
𝑎𝑅𝑒𝑑2

2.5

where 𝑅 is the universal gas constant, 𝑇 is the temperature, 𝐹 is Faraday constant, 𝑧 is the
number of electrons transferred in the reaction equation (for example, 𝑧 = 2 for the complete cell
formed by Pt electrode and Ag/AgCl electrode), 𝑎Ox1 and 𝑎Red1 are the chemical activities for
the oxidizing agent and reducing agent of the working electrode reaction, respectively, and 𝑎Ox2
and 𝑎Red2 are the chemical activities for the reference electrode.
When an external voltage 𝐸 is applied on the working electrode as referenced to the
reference electrode, the current 𝐼 going through the system is described by the Butler-Volmer
equation[35]

𝐼 = 𝑗0 𝐴 {exp [

αa 𝑧𝐹
αc 𝑧𝐹
(𝐸 − 𝐸eq )] − exp [−
(𝐸 − 𝐸eq )]}
𝑅𝑇
𝑅𝑇

2.6

where 𝑗0 is the exchange current density, a parameter determined critically on the nature of the
electrode, 𝐴 is the effective area of chemical reaction, αa is the dimensionless anodic charge
transfer coefficient, and αc is the dimensionless cathodic charge transfer coefficient, where
αa + αc = 1.We can see that the total current is actually made up of two currents of opposite
directions—the anodic current and cathodic current. When the voltage deviates from the
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equilibrium potential (the deviation 𝐸 − 𝐸eq is called overpotential), one of the two current
grows exponentially while the other one diminishes exponentially. At the equilibrium potential,
both anodic current and cathodic current are equal to the exchange current and cancel each other.
The exponential behavior in Butler-Volmer equation is only valid when the mass-transfer
of ions in the electrode doesn’t limit the chemical reaction[36]. When the overpotenial is too
large, the current reaches a limiting current set by the ion diffusion capacity of the electrolyte.
When the overpotential is very small, the equation can be linearized as

𝐼 = 𝑗0 𝐴

𝑧𝐹
(𝐸 − 𝐸eq )
𝑅𝑇

2.7

and the AC resistance near equilibrium potential is

𝑅F =

𝑅𝑇
𝑗0 𝐴𝑧𝐹

2.8

The electrochemical Faradaic process exhibits highly non-linear I-V characteristics as
described above. It can be further complicated when more than one pair of redox reactions can
happen in a electrolyte with multiple chemical components. Electrically, the Faradaic process
can be modeled as a nonlinear Faradaic resistor 𝑅F , the resistance of which decreases
exponentially depending on the overpotential. A careful choice of electrode is able to impact
many factors that are important to the experiment. First of all, the Faradaic resistance is
proportional to the exchange current density 𝑗0 and effective area 𝐴 , both of which are
determined by the material and structure of the electrode. Physical parameters like the size and
surface roughness of the electrode and chemical parameters like the adsorbed molecules on the
surface all influence the Faradaic process. The reference electrode used in most biological
experiment is a Ag pellet (mm in size) with a layer of AgCl oxidized on the surface. The large
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size of this electrode and fast kinetics of its chemical reaction makes this Ag/AgCl pellet low in
resistance to set the reference voltage. Second, different electrodes have different equilibrium
potentials and I-V curves, which influence how the electronics are designed to bias the electrodes
and to provide appropriate current stimulation. Third, the electrode materials should be
biocompatible, as chemicals released in some certain electrochemical reactions are detrimental to
the cell health on top of the electrodes. For example, Cu electrodes are not suitable for cell
interfacing experiments as Cu2+ released from current injection can cause oxidative damage to
cells. Pt electrodes are generally safe as the underlying chemical reaction involves either
hydrogen gas or protons. However, excessive current drawn from Pt electrodes will cause big
hydrogen bubbles in or around cells, and the pH level would also be altered when long-term DC
current is passed. Fourth, when the materials of electrodes are part of the redox reaction, the
electrodes would undergo serious erosion or deformation after repetitive current stimulation. On
the other hand, Pt electrodes are stable due to its catalyst role. However, when the overpotential
is too large, even Pt can be oxidized.
In recently developed nanoelectrode arrays aiming at achieving intracellular
measurements, Pt and Au are the most common materials used as electrodes for their
biocompatibility and stability. Pt is more conductive than Au, however, due to the small sizes of
the various nanostructures used as electrodes, both Pt and Au nanoelectrodes exhibit very high
Faradaic resistance around the equilibrium potential and the double layer capacitance dominates
the impedance at electrogenic signals frequencies. Iridium oxide[21] proves to be a more optimal
choice because IrOx electrodes have both lower Faradaic resistance and higher double layer
capacitance—the overall electrode impedance around equilibrium potential can be reduced by
two orders of magnitude when the electrode material is switched from Au to IrOx.
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One way to reduce the electrode impedance is to bias the electrode away from
equilibrium potential. As the current increase exponentially, the AC Faradaic resistance reduces
exponentially. This method of impedance reduction is very significant, however, its drawback is
also very significant—constant DC current passed under the bias can quickly produce excessive
chemicals that affect the cell viability or the interface stability. In our experiments with Pt
electrodes, we have observed gas bubbles forming at the electrode and pushing cells away or cell
membrane collapsing leading to necrosis when the electrodes are biased at different voltages
away from equilibrium potential to reduce its impedance. For a non-invasive, long-term
interrogation the electrodes are best biased at or near equilibrium potential to minimize DC
current transport.

2.2

Overall Cell-Electrode Coupling
The electrical model for the complete coupling from the cell to the electrode is shown in

Figure 2.1 for a pillar shaped nanoelectrode. An extracellular interfacing schematic is shown
here. The electrode pillar is insulated with oxide, leaving only its tip exposed where
electrochemical reaction can happen. The part of cell membrane facing the tip of electrode
contributes to signal transmission to the electrode and is called junctional membrane (resistance
𝑅j , capacitance 𝐶j ). The rest of cell membrane is called non-junctional membrane (resistance 𝑅nj ,
capacitance 𝐶nj ). The cell membrane wraps around the nanoelectrode and there is a cleft between
the electrode and the membrane filled with electrolyte. Seal resistance 𝑅seal describes how
tightly the cleft is sealed from the outside electrolyte bath, which is grounded through the
Ag/AgCl reference electrode that is omitted in the schematic. The electrode (nonlinear Faradaic
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Figure 2.1: Electrical model for electrode-cell coupling interface. In this model, a cell sits on
top of a protruding extracellular electrode that is connected to an amplifier. The solution bath is
grounded through a reference electrode.

resistance 𝑅e , a linear double layer capacitance 𝐶e ) is connected to the front-end amplifier of the
electronics with a parasitic capacitance 𝐶p leading to the ground. This parasitic capacitance is a
sum of contributions from several sources, including the stray capacitance to the electrolyte bath
and to the grounded substrate and the input capacitance of the front-end amplifier.
The gain from the intracellular matrix to the input of the front-end amplifier can be
derived from this model as

𝐺 = 𝐺1 ∙ 𝐺2 =

1
𝑍j
𝑍j
1+𝑍 +𝑍 +𝑍
e
p
seal
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∙

𝑍p
𝑍e + 𝑍p

2.9

where 𝐺1 =

1
𝑍j
𝑍j
1+
+
𝑍e +𝑍p 𝑍seal

< 1 is the transmembrane attenuation from the cytoplasm to the cleft

due to the extracellular access, and 𝐺2 = 𝑍

𝑍p

e +𝑍p

< 1 is the electrode attenuation from the cleft to

the input of the front-end amplifier.
For a nanoelectrode with intracellular access, there is no transmembrane attenuation and
the overall gain is simply

𝐺 = 𝐺2 =

𝑍p
𝑍e + 𝑍p

2.10

In the following sections we will evaluate the transmembrane attenuation and electrode
attenuation in detail.

2.2.1 Transmembrane Attenuation
The transmembrane attenuation factor 𝐺1 is always less than 1 in an extracellular
electrode interfacing. Here are three impedances that constitute this factor, the junctional
membrane impedance 𝑍j , the electrode impedance 𝑍e , the parasitic impedance 𝑍p and the seal
impedance 𝑍seal . Both 𝑍j and 𝑍e are, in the simplified model, a resistor and capacitor in parallel

𝑍=

𝑅
1 + 𝑖𝜔/𝜔𝑝

2.11

where 𝜔𝑝 = 1/𝑅𝐶 is the angular frequency of the pole. When the signal frequency is far lower
than 𝑓𝑝 = 𝜔𝑝 /2𝜋 = 1/2𝜋𝑅𝐶, the impedance is dominated by the resistor as a constant 𝑅. When
the frequency approaches 𝑓𝑝 , the impedance starts decreasing. When the signal frequency is far
higher than 𝑓𝑝 , the impedance is dominated by the capacitor as 1/𝑖𝜔𝐶 and is far lower than 𝑅.
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For 𝑍j , its 𝜔𝑝 is an intrinsic property of the cell membrane independent of the geometry
of the junctional membrane, as 𝐶j is proportional to the area of the junctional membrane while 𝑅j
is inversely proportional to it. The pole frequency is only dependent on intrinsic passive
electrical properties of the membrane, such as membrane bilayer thickness and leakage ion
channel conductance and density, hence the junctional membrane. Assuming homogeneous
passive electric properties across the whole cell membrane, it is safe to measure say the
junctional membrane shares the same pole frequency as the whole cell. The time constant of the
whole cell, which can be easily measured from a whole-cell patch clamp experiment, is typically
in 10 ms range, leading to a pole frequency in 10 Hz range. For high frequency electrogenic cell
signals, such as action potentals in 1 kHz range, 𝑍j is capacitive and decreases with frequency,
while for slow signals such as membrane oscillation in 1 Hz range, 𝑍j is resistive and remains a
constant.
The pole frequency of the electrode impedance 𝑍e , when biased near the equilibrium
potential with zero DC current passing, is also an intrinsic property of the electrode material
independent of it surface area. This can be easily seen from the characteristics of the double layer
capacitance and the Faradaic resistance. For commonly used Au and Pt electrodes, the pole
frequency is typically in 0.01 – 0.1 Hz range, below all electrogenic cell signal frequencies.
Consequently, Au and Pt electrodes are purely capacitive in these experiments.
As discussed before, the parasitic impedance 𝑍p is capacitive, and the seal impedance
𝑍seal is resistive but varies significantly based on the cell type, electrode structure and cellelectrode interface.
Based on the discussion above, let us rewrite 𝐺1 . For low frequency signals:
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𝐺1 =

1
𝑅j
𝐶e 𝐶p
1 + 𝑖𝜔𝑅j 𝐶 + 𝐶 + 𝑅
e
p
seal

2.12

𝐶e 𝐶p

Typically for planar microelectrodes aiming at single cell resolution, serial capacitance 𝐶

e +𝐶p

can

reach 10 pF, junctional membrane resistance 𝑅j less than 1 GΩ, best case seal resistance 𝑅seal
typically around 1 MΩ, and we have 𝐺1 ≈

𝑅seal
𝑅j

𝐶e 𝐶p

1

≈ 1000. For nanoelectrodes, the 𝐶

e +𝐶p

is in 0.1 pF

range, 𝑅j is in 100 GΩ range, 𝑅seal in this case, can be boosted up to 100 MΩ range due to the
morphology of the cells wrapping around the nanoelectrodes, hence 𝐺1 ≈

𝑅seal
𝑅j

1

≈ 1000 . As a

conclusion, low frequency signals are highly attenuated, but not distorted, by the ratio of

𝑅seal
𝑅j

before they reach the electrode. Additionally, when the electrode size shrinks from micro to nano
features, the seal resistance is improved but the junctional membrane impedance also goes up
accordingly. For most cases the actual attenuation can be even worse than the results calculated
above due to non-ideal seal formation. Such high attenuation makes the low frequency signals
very difficult to measure extracellularly for microelectrodes and nanoelectrodes.
For high frequency signals:

𝐺1 =

1
𝐶e 𝐶p
1
1 + 𝐶 + 𝐶 /𝐶j + 𝑖𝜔𝑅 𝐶
e
p
seal j

2.13

For single-cell plannar microelectrodes, 𝐶j is around 10 pF, 𝑅seal is around 1MΩ, hence 𝐺1 ≈
1

𝑖𝜔𝑅seal 𝐶j ≈ 𝑖 100. For nanoelectrodes, 𝐶j is in 0.01 pF range, 𝑅seal can reach 100MΩ with better
1

seal, therefore 𝐺1 ≈ 𝑖𝜔𝑅seal 𝐶j ≈ 𝑖 100. The high frequency signals are less attenuated than the
low frequency signals, however signals are 90-degree phase shifted.
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The overall frequency response can be summarized as the following, in the simplest
model, to match the behaviors at low frequency limit and high frequency limit of the electrogenic
cell signal spectrum

𝐺1 ≈ 𝑅seal ∙

1 + 𝑖𝜔𝑅j 𝐶j
𝑅j

2.14

This transfer function is a differentiator filter—when signals are passed through this filter, low
frequency components are suppressed and high frequency components are passed but phase
shifted, resulting in output signals that resemble the rate of change of the input signals. To
associate it with the electrogenic cell signals, we can tell that only high frequency components of
action potentials are passed with minimal attenuation, yet the shapes of the monophasic action
potentials are differentiated, leading to biphasic signals that indicate the fast changing rates at the
rising and falling edges of the action potentials. Slower signals like PSPs and membrane
oscillations have smaller amplitudes and are also attenuated more severely, making them
impossible to detect in microelectrode arrays, not to mention with nanoelectrodes in an
extracellular interfacing manner.
Intracellular interfacing, on the other hand, has no transmembrane attenuation. The
ultimate goal of extracellular interfacing is to reach and 𝐺1 = 1. For the low frequency case, this
implies that seal resistance 𝑅seal needs to be higher than the junctional membrane resistance 𝑅j ,
which is very difficult compared to the interface with a patching micropipette where negative
pressure is applied to achieve a GΩ seal.
A signature characteristic that is traditionally used to tell whether the acquired signal is
intracellular or extracellular it by observing whether the measured action potential is monophasic
or biphasic. Is it possible to acquire monophasic action potentials with extracellular interfacing?
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The analysis shows that the biphasic shape originates from the phase shift in the high frequency
scenario. To minimize the phase change, 𝑖𝜔𝑅

1
seal 𝐶j

needs to be smaller than 1, which also requires

large improvement on the seal resistance that is very difficult to achieve with metal electrodes.

2.2.2 Electrode Attenuation
The transmembrane attenuation revolves around a better seal resistance to improve its
signal transfer function, the electrode attenuation, on the other hand, is about minimizing
electrode impedance and increasing parasitic impedance.
As the electrode impedance is mainly capacitive near equilibrium potential, we have
𝐺2 = 𝐶

𝐶e

e +𝐶p

, a real number indicating no distortion of waveforms. For nanoelectrodes made of Pt

and Au, 𝐶e varies in the 0.1 – 1 pF range depending on the geometry of the electrode structure.
To increase 𝐶e , we can increase the size of the electrode to boost its surface area, which,
however, contradicts the idea to achieve intracellular access by reducing the size of the electrode.
Another method is to find a better electrode material that exhibits reduced electrode impedance.
IrOx, as discussed above, is a superior candidate that has significantly lower electrode
impedance compared to Au or Pt. To reduce 𝐶p , on the other hand, we need to minimize trace
capacitance from the electrode to the front-end amplifier. Without CMOS assistance, all frontend amplifiers are off-chip, electrodes are connected to the electronics via mm length metal lines
that introduce large parasitic capacitance to both electrolyte bath and substrate, metal wires
bonded to the printed circuit board that introduce parasitic inductance and contact resistance,
interconnecting lines on the printed circuit board, and finally the front-end amplifiers on the
printed circuit board that have their own input capacitance. The major contributions to 𝐶p come
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from the mm length metal lines and the input capacitance of the front-end amplifiers, and can
1

1

add up to 100 pF range, which results in 𝐺2 in the 1000 – 100 range, a significant attenuation just
from the parasitics between the electrodes to the amplifiers.
With CMOS technology, we can build μm length lines from the electrodes to the frontend amplifiers sitting directly beneath or nearby the electrodes. In this case, the parasitic
capacitance 𝐶p is dominated by the input capacitance of the amplifier, which can be designed
and implemented in the 1 – 10 pF range. Adding CMOS in situ front-end amplifiers can thus
1

directly boost 𝐺2 to the order of 10.
Another way to improve electrode attenuation is to bias the electrode away from its
equilibrium potential. As the overpotential grows, the AC Faradaic resistance decreases
exponentially and for a nanoelectrode it can be easily lowered into 100 MΩ. In that case,
1

𝐺2 = 1+𝑖𝜔𝑅

e 𝐶p

1

, which results in attenuation factor of −𝑖 100 for high frequency signals and

around unity for low frequency signals, a great improvement compared to nanoelectrodes biased
in capacitive region. However, the attenuation introduces distortion to the waveform, especially
for high frequency components. What is worse, biasing with such high overpotential causes
constant DC current up to nA to be passed into the cell, which can quickly deteriorate the cell
health and result in necrosis within minutes. Also the nanoelectrodes can be permanently
damaged in such experiments.

2.2.3 Microelectrodes to Nanoelectrodes
All the new developments are shifting from extracellular microelectrodes to intracellular
nanoelectrodes. This shifting has impacts on the overall cell-electrode coupling efficiency in two
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ways: first, the transmembrane attenuation is eliminated by granting intracellular access, which
gives a 1000-fold increase for low frequency signals and 100-fold increase for high frequency
signals; second, as the electrode size shrinks, the electrode attenuation is deteriorated. For
1

microelectrode, 𝐶e can reach 10 pF, leading to a 𝐺2 ≈ 10 without CMOS assistance. For
1

nanoelectrodes, 𝐺2 is around 100 without CMOS assistance, which is 10 times worse. However,
1

by introducing CMOS in situ electronics, we are able to maintain 𝐺2 in the 10 range, thus giving
more credit to the effort in bringing in nanoelectrodes in the big picture, which is promising in
measuring low frequency PSPs and membrane oscillation given the 1000-fold increased
sensitivity for those signals.

2.3

Vertical Nanowire Electrodes
Prof Hongkun Park Lab’s Vertical Nanowire Electrode (VNE) technology[19], [37], [38]

is developed aiming at high scalability and parallelism, as it leveraged the same nanofabrication
technology that are compatible with the nanofabrication technology that enables mass production
of CMOS integrated circuits. The geometry and structure of typical VNEs is shown in Fig 2.2.
These nanoelectrodes are fabricated on top of metal pads, with each pad able to be addressed
individually. At the center of pad lies a 3 × 3 array of 9 VNEs (~150 nm in diameter, 3 µm in
length, at a 2-µm pitch). All nanoelectrodes on the same pad are electrically connected. Each
nanowire consists of a metal (Au or Pt) coating on a silicon dioxide (SiO2) mechanical core and a
SiO2 passivation layer that blankets the metal coating except its tip portion (0.5 µm). The metal
coating provides electrical access to intracellular matrix at its tip and a signal path to the
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Figure 2.2: Vertical nanowire electrode array developed by Hongkun Park Lab[19]. a,
SEM imgae of the 9 silicon nanowieres on one pad. False colouring shows metal-coated tips
(grey) and insulating silicon oxide (blue). Scale bar, 1 μm. b, SEM image of a full electrode pad.
False colouring indicates additional insulation from Al2O3(green). Scale bar, 10 μm. c, SEM
image of a device consisting of 16 pads. Scale bar 120 μm. d, SEM imgae of a rat cortical cell
(3DIV, false-colored yellow) on top of a stimulation/recording pad (false-colored blue). Scale
bar, 2.5 μm. e, Reconstructed 3D confocal microscope image of rat cortical neurons cultured on a
pad. Scale bar, 40 μm. f, Optical microscopic image of calcein AM-labelled rat cortical neurons
(cyan) cultured on an electrode array. Scale bar, 120 μm.
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underlying site pad. The passivation layer reduces leakage current through nanowire sidewall
and forms tight seals to the cell membrane. The geometry of each nanowire array (a 4-µm square)
was chosen to be smaller than the size of a typical neuronal cell body so as to increase the
probability of single-neuron coupling. The use of 9 nanowires per pad is to increase the
probability of coupling between the site and a cell, and also to reduce the overall coupling
impedance to the cell.
To minimize adverse effects on cell viability, we operate the nanowires in the zero DC
current mode near equilibrium potential, or capacitive mode. In this mode where 𝑅e is extremely
large (~10 TΩ, if all 9 nanowires are coupled to a cell), intracellular signals are coupled
1

capacitively through 𝐶e (~1 pF, if all 9 nanowires are coupled19,28), whose impedance, 𝑖𝜔𝐶 , is
e

30 MΩ ~ 160 GΩ in the amplifier bandwidth of 1 – 5000 Hz. This nanowire impedance
dominated by the capacitive coupling is still large. To combat the electrode attenuation with such
electrodes, careful design is conducted to minimize parasitic capacitance 𝐶p : first we place the
front-end amplifier locally at each site with CMOS technology, eliminating lengthy interconnects
and associated stray capacitance, hence the signal attenuation is far less than the off-chip
amplification situation; furthermore, we passivate a thick aluminum oxide (Al2O3) layer on the
metal pad, decreasing its capacitance and hence 𝐶p .
The top-down nanofabrication technology employed here enables precise control over the
physical dimensions of the nanowires, as well as the size and the configuration of the pads.
Moreover, the number of pads can easily be scaled up to the thousands. When incorporating this
technology with industrial CMOS technology, optimizations need to be made to address the
compatibility issue. Marsela Jorgolli and Tianyang Ye from Prof Hongkun Park lab have
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Figure 2.3: CMOS compatible post-fabrication process to generate vertical nanowire
electrodes on top of a CMOS IC.

developed this post-fabrication process in house to build these nanowires on top of an industrial
CMOS IC chip with all underlying circuitry complete. The post-fabrication needs to ensure that
no high temperature processes are used so as to protect all CMOS circuits intact; the passivation
layer on top of the CMOS IC needs to be stripped away to expose all pads on an even surface for
following process steps; proper arrangements are needed to match the nanowires with underlying
circuits. Also, compared to the previous work in Hongkun Park Lab, these new vertical nanowire
electrode don’t use doped silicon as both mechanical and conductive material that forms the
pillar of the nanoelectrodes; silicon oxide is now the mechanical pillar and a layer of metal is
coated as conductive material, which helps to reduce the impedance of the electrode. Fig 2.3
shows the post-fabrication flow: a, A 3-µm thick SiO2 layer is deposited on the pad using
plasma-enhanced chemical vapor deposition (PECVD). b, Stepper lithography and dry etching
defines a 1-µm diameter vertical SiO2 pillar. c, Further wet etching creates narrow SiO2 pillars of
~100-nm diameter to form the core support for the nanoelectrodes. d, 5-nm thick Ti and 20-nm
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thick Pt are sputtered on to SiO2 pillars to form a conductive coating of the nanoelectrodes. An
additional 20-nm thick SiO2 passivation layer is deposited using atomic layer deposition (ALD).
e, A spin-coated thin resist is used to protect the base insulation while a wet etch is used to
expose the metal tip. f, Finished nanoelectrodes: the exposed metal tip in solution allows for
electrical interrogation while the pillar base and the pad are insulated with SiO2 to form a tight
seal to cellular membranes.
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Chapter 3

Front-End Amplifier
In this chapter, we will discuss the design of front-end amplifiers that the nanoelectrodes
directly connect to, which is the most important electronic circuit in determining the final output
signal-to-noise ratio. In the CMOS-assited interface, these front-end amplifiers are in situ—with
the minimal distance from the electrodes, the signal suffers from the least electrode attenuation.
However, signal amplitude is just one side of the design effort for high-fidelity recording, with
the other side being noise along the signal pathway. As noise after the front-end amplifier
doesn’t significantly affect the output signal-to-noise ratio, we need to design the front-end
amplifier to achieve the highest input-referred signal-to-noise ratio. First of all, we need to
understand all noise sources at the interface and methods to control each of them; second we
need to design under the constraints of available resources and meet the performance
requirements. With all the trade-offs we need to make as in a common electrical engineering
design project, here we assert again that the ultimate goal is to acquire signals with the highest
signal-to-noise ratio, not just the minimal signal attenuation before it reaches the front-end
amplifier.

3.1

Noise Sources
The signal-to-noise ratio of the final output signal from the electronics is determined by

noises from the original signal, the electrode and the front-end amplifier. The noises from
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electrode and front-end amplifier deteriorate the original signal-to-noise ratio and raise the noise
floor.

3.1.1 Electrode Noise
The noise from the electrode is the thermal noise at the electrochemical interface. For the
electrode with Faradaic resistance 𝑅e , its thermal noise—the noise that originates from thermal
agitation of the charge carriers—can be modeled as a voltage source representing the noise in
series with an ideal noise free resistor[39], [40]. Its one-sided power spectral density is
̅̅̅
𝑣𝑛2 = 4𝑘B 𝑇𝑅e

3.1

where 𝑘B is Boltzmann’s constant, 𝑇 is the electrode’s absolute temperature. This power
spectrum is independent of frequency, hence a white noise. Note that 𝑅e is very large when
biased at equilibrium potential (>10TΩ), leading to a very large electrode noise spectrum density.
However, this noise spectrum is shaped by the double layer capacitance 𝐶e , as the RC network is
a low pass filter for the noise. To see how the filtering characteristics affect the electrode noise,
let us convert the noise voltage source into a current source by taking the Norton equivalent
4𝑘B 𝑇
𝑖̅2𝑛 =
𝑅e

3.2

And the voltage power spectral density on the overall electrode is
2
4𝑘B 𝑇
𝑅𝑒
4𝑘B 𝑇
𝑅e2
2
2
2
̅̅̅
̅
𝑣e = 𝑖𝑛 ∙ |𝑍e | =
|
| =
∙
𝑅e 1 + 𝑖𝜔𝑅e 𝐶e
𝑅e 1 + 4𝜋 2 𝑓 2 𝑅e2 𝐶e2

3.3

When the frequency is higher than the pole of 1/2𝜋𝑅e 𝐶e at around 0.01 Hz, the electrode noise
4𝑘 𝑇

spectral density reduces to 𝜔2 𝑅B 𝐶 2, inversely proportional to 𝜔2 . The integrated noise over all
e e

frequencies turns out to be
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𝑘B 𝑇
̅̅̅̅
𝑉e2 =
𝐶e

3.4

which is independent of 𝑅e but determined by 𝐶e . This interesting result is actually a good
example of the equipartition theory. Any system at thermal equilibrium has state variables with a
1

mean energy of 2 𝑘B 𝑇 per degree of freedom. Using the formula for energy on a capacitor
1

1

𝐸 = 2 𝐶𝑉 2 , mean noise energy on a capacitor can be seen to be 2 𝐶 (

𝑘B 𝑇
𝐶

1

), or also 2 𝑘B 𝑇. Thermal

noise on a capacitor can be derived from this relationship, without consideration of resistance.
Because of this, the thermal noise on capacitor is named kT/C noise.
Electrodes with large double layer capacitance are therefore less noisy. For Au or Pt
𝑘 𝑇

nanoelectrodes with 𝐶e in the 0.1 – 1 pF range, the electrode noise is √ 𝐶B = 60 – 200 μV. When
e

the electrode is set in the context of the cell-electrode interface the situation is more complex, as
the parasitic capacitance 𝐶p and the cell membrane capacitance 𝐶m can load to the Faradaic
thermal noise based on how the electrode is connected to the amplifier. In this case, the noise can
further reduced. Note that the electrode noise needs to be compared to the decreased signal after
the electrode attenuation.

3.1.2 Amplifier Noise
There are two major types of noise arising from the amplifier: thermal noise and flicker
noise. The thermal noise is similar to the case in the electrode and originates from all dissipative
elements in the amplifier—mainly the resistive transistor channels. They are white noise obeying
the same rule as discussed in the previous section, so here we will focus on the other type, which
is also more significant in the noise control, the flicker noise.
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Flicker noise, also known as 1/f noise, is a noise observed in CMOS transistors related to
DC currents passing the transistor channels[41], [42]. Impurities and imperfections cause traps in
transistor channels that capture and emit carriers in a random fashion, therefore generating
fluctuations to the DC current. Unlike thermal noise, flicker noise has a power spectral density
inversely proportional to frequency, hence the name 1/f noise, or pink noise. Empirically, the
fluctuating noise on the current is

2
𝑖̅2𝑛 = 𝑔𝑚

𝐾𝐼 𝑎
2 𝑓
𝑊𝐿𝐶ox

3.5

Where 𝑔𝑚 is the transconductance of the transistor, 𝐾 is a constant depending on the process, 𝐼 is
the DC current, 𝑎 is an empirical parameter ranging from 0.5 to 2, W and L are the width and
length of the transistor, and 𝐶ox is the transistor oxide capacitance. From the empirical formula
for flicker noise we can see that the major way to reduce it is to increase the geometry size of the
transistor.
The frequency at which the flicker noise power spectral density equals that of the thermal
noise for a transistor is called corner frequency. For the CMOS processes used in our work, the
corner frequency is generally above 10 kHz, so the flicker noise actually dominates in the frontend amplifier for electrogenic cell signals occupying 1 – 5000 Hz frequency range.
A third source of noise in the amplifier is noise coupled from power lines. As the power
lines are not perfected isolated, they can pick up high frequency signals through parasitic
capacitors from the environment or different parts of the electronics. Meanwhile, the power lines
are not ideally zero impedance—with contact resistance and parasitic inductance from wire
bonds, high frequency currents in the power lines can generate voltage fluctuations that can
contaminate the measured signal. It is difficult to estimate how much noise there will be on the
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power lines. A general rule of thumb in the amplifier design is to improve it Power Supply
Rejection Ratio (PSRR), a merit that describes the amount of noise from a power supply that the
amplifier can reject. By improving PSRR, the amplifier is able to suppress noise from power
lines while amplify signals from its input.

3.2

2-Stage OpAmp
The core of the front-end amplifier is an Operational Amplifier (OpAmp). An ideal

OpAmp is a DC-coupled differential-input high-gain amplifier with high input resistance and
low input leakage current. When designing the OpAmp, the following general characteristics are
desires: a. high open loop gain; b. adequate phase margin under feedback; c. fast settling time; d.
large output swing; e. low input referred noise; f. low offset voltage. In our specific application
to interface the nanoelectrodes and to accommodate the electrogenic cells on top, the following
specific characteristics are required: g. low power consumption so as to minimize heat
dissipation that would otherwise deteriorate cell viability; h. small area cost so that a highdensity array can be constructed with a front-end amplifier under every electrode pad and the pad
pitch is comparable to that of the distance between cells.
Under these stringent constraints, and aiming at an optimized signal-to-noise ratio for the
electrogenic cell signal bandwidth 1 – 5000 Hz, a 2-stage OpAmp design is adopted. Fig 3.1
shows the symbols of the OpAmp in two ways: single-ended and fully differential. We will
discuss in detail the design of the single-ended schematic first, and then we will add how the
fully differential one changes its performance.
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Figure 3.1: OpAmp in two ways. single-ended (left) and fully differential (right). For singleended OpAmp, Vout=A(Vin+-Vin-), where A is the OpAmp open-loop gain. For fully differential
OpAmp, its real output is the difference of the two ouputs Vout+- Vout-=A(Vin+-Vin-).

3.2.1 Single-Ended 2-Stage OpAmp
Figure 3.2 shows a transistor level schematic for the single-ended 2-stage OpAmp design.
PMOS M1 and M2 are the input pair of the first stage that determines the transconductance of
the first stage while NMOS M8 provides the transconductance for the second stage. The gain of
the first stage is approximately the intrinsic gain of the input pair, 𝑎1 = 𝑔𝑚1 𝑟𝑜1, because of the
cascade transistors M3 and M4 amplified the loading impedance of M5 and M6. The gain of the
second stage is 𝑎2 = 𝑔𝑚8 (𝑟𝑜8 ||𝑟𝑜9 ). Both gains are closely related to the intrinsic gains of the
common-source transistors, and to reduce power consumption, M1, M2 and M5 are biased in the
corner of weak inversion as the intrinsic gain/current efficiency is higher in transistors in weak
inversion compared to those in strong inversion.
The Miller capacitor 𝐶C is added to compensate the frequency response for higher phase
margin. Before adding 𝐶c , the poles of the frequency response is determined by the output RC
pole of the first and second stage, respectively 𝑝1 = − 𝑟

1

𝑜1 𝐶1

and 𝑝2 = − (𝑟

1

𝑜8 ||𝑟𝑜9 )𝐶2

, where 𝐶1 is

all parasitic capacitance to ground at the output of the first stage and 𝐶2 is all parasitic
capacitance to ground at the output of the second stage plus the load capacitance. Generally
𝐶2 ≫ 𝐶1 due to the load capacitance, thus |𝑝2 | ≪ |𝑝1 |. By adding 𝐶C ≫ 𝐶1 , it introduces a
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Figure 3.2: Transistor level schematic of the single-ended 2-stage OpAmp. Vtail biases the tail
currents, generated from in situ bias network. Vcas biases the cascode transistors, generated from
off the IC.

significant capacitive load to the output of the first stage due to Miller effect, lowering frequency
of 𝑝1 while increasing frequency of 𝑝2 . The new poles are therefore far separated at 𝑝1 =
−𝑟

1

𝑜1 (𝑎2 𝐶C )

and 𝑝2 = − 𝐶

𝑔𝑚8 𝐶C

1 𝐶2 +𝐶C 𝐶1 +𝐶C 𝐶2

compensation is 𝜔𝑢 ≈ |𝑝1 |𝑎1 𝑎2 =

𝑔𝑚1
𝐶C

≈−

𝑔𝑚8
𝐶2

. Note that the unity-gain frequency after

. If 𝜔𝑢 = |𝑝2 |, namely

unit-gain closed-loop feedback is 45°. If

𝑔𝑚1
𝐶C

<

𝑔𝑚8
𝐶2

𝑔𝑚1
𝐶C

=

𝑔𝑚8
𝐶2

the phase margin for a

, the phase margin is better. Here we see that

a high phase margin generally requires a large compensating capacitor 𝐶C , which is a significant
area cost in the amplifier design.
The 2-stage OpAmp has good Common Mode Rejection Ratio (CMRR) and good PSRR
from positive powerlines. The PSRR from negative power lines are also improved with the
introduction of the cascode transistors M3 and M4, which separates the gate and drain of M8
even at high frequency when 𝐶C is effectively short. However, the output signal is very sensitive
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to noise on the bias voltage 𝑉cas. Therefore, the cascode transistors effectively transfer the output
signal susceptibility from the negative power line to the bias line. The good thing is, the bias line
is much quieter than the negative powerline, as no current flows in the bias line and it is free
from noise that is associated with current fluctuations in the system. However, we still need to
isolate the bias line very well to prevent crosstalk between it and other noisy lines.
The 2-stage OpAmp has only nine transistors, which limits the number of noise sources
that contribute to the overall amplifier noise. No output stage is added to reduce output resistance
as the OpAmp doesn’t drive any resistive load. No cascode is used on the second stage so as to
achieve a large output voltage swing.
The input referred noise power spectral density for the 2-stage OpAmp is dominated by
the noise of the first stage
𝑔𝑚5 ̅̅̅̅̅
2
2
̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅
𝑣
) 𝑣2
in,OpAmp = 2𝑣M1 + 2 (
𝑔𝑚1 M5

3.6

2
2
where ̅̅̅̅̅
𝑣M1
and ̅̅̅̅̅
𝑣M5
both contain thermal noise and flicker noise

𝐾𝑝
8𝑘𝐵 𝑇
2
2
2
̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅
𝑣M1
= ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣M1,thermal
+𝑣
+
M1,flicker =
2 𝑓
3𝑔𝑚1 𝑊1 𝐿1 𝐶ox

3.7

8𝑘𝐵 𝑇
𝐾𝑛
2
2
2
̅̅̅̅̅
𝑣M5
= ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣M5,thermal
+ ̅̅̅̅̅̅̅̅̅̅̅̅
𝑣M5,flicker
=
+
2 𝑓
3𝑔𝑚5 𝑊5 𝐿5 𝐶ox

3.8
𝑔

M5 and M6 are biased in strong inversion while M1 and M2 in weak inversion, so that 𝑔𝑚5 < 1
𝑚1

and the input referred noise of the 2-stage amplifier is dominated by the input pair transistor. We
use PMOS as the input transistors because 𝐾𝑝 < 𝐾𝑛 for the processes used in our work, hence
further reducing the flicker noise in the input referred noise.
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Figure 3.3: Transistor level schematic of the bias network. Vstart is a negative enable signal
that starts up the bias network, which then powers up the OpAmp. The bias network is in situ
because the OpAmp is susceptible to noise on Vtail.

A bias network is needed to bias all the current sources used in the OpAmp, as is shown
in Fig 3.3. This bias network is a constant-gm bias circuit designed to produce a constant
transconductance inversely proportional to the resistance 𝑅bias . How see how this is achieved,
note that the PMOS mirror at the top has 1:1 ratio, while the NMOS mirror at the bottom has 4:1
ratio, namely 𝑊1 = 4𝑊2 . We have, for the NMOS M1 and M2, that

𝐼1 =

𝑉𝐺𝑆2 − 𝑉𝐺𝑆1 𝑉𝑂𝐷2 − 𝑉𝑂𝐷1
=
= 𝐼2 = 𝐼
𝑅bias
𝑅bias

3.9

Here we neglect the body effect. Therefore, the two threshold voltages for M1 and M2 are equal,
allowing the difference in gate-source voltages to be equal to the difference in overdrive voltages.
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The transconductance is related to the overdrive voltage by 𝑔𝑚 = 2𝐼/𝑉𝑂𝐷 , hence the
transconductance of M2 is

𝑔𝑚2 =

2𝐼
2(𝑉𝑂𝐷2 − 𝑉𝑂𝐷1 )
2
𝑉𝑂𝐷1
=
=
(1 −
)
𝑉𝑂𝐷2
𝑅bias 𝑉𝑂𝐷2
𝑅bias
𝑉𝑂𝐷2

3.10

The ratio of overdrive voltages of two transistors operated at equal currents is related to their
width ratio by

𝑉𝑂𝐷1
𝑊2
1
1
=√
=
=
𝑉𝑂𝐷2
𝑊1 √4 2

3.11

Therefore, we can get the neat result

𝑔𝑚2 =

2
𝑅bias

(1 − √

𝑉𝑂𝐷1
2
1
1
)=
(1 − ) =
𝑉𝑂𝐷2
𝑅bias
2
𝑅bias

3.12

The constant-gm bias network is able to relate the transconductance of all transistors biased
through current mirrors with this network to 𝑅bias , independent of all other process parameters or
supply voltage. This bias network is a metastable circuit—𝐼 = 0 is also a stable solution—, so a
startup circuit that injects a transient current into the current mirror loop when turned on is
needed to drive the circuit into the correct working condition.

3.2.2 Fully Differential 2-Stage OpAmp
The fully differential design has its advantages over the single ended design: first, due to
its balanced schematic, it has superb rejection to any common-mode noise, including commonmode input signal, noise from power lines, substrate and any additional bias lines; second, output
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Figure 3.4: Transistor level schematic of the fully differential OpAmp. Common mode
feedback (CMFB) control helps bias the common mode output voltage at the center of the
voltage rail.

signal has better linearity due to cancellation of the first-order nonlinearity; third, the output
signal swing is twice that of a single-ended configuration. In our application, the most important
advantage is its excellent insusceptibility to common-mode noise.
Fig 3.4 shows the schematic for the fully differential 2-stage OpAmp. A common-mode
feedback (CMFB) network is needed to keep the output signals centered between the power
supplies. The CMFB works in this way: first, it finds the average of the positive and negative
output s; then, the average is compared with an ideal common mode output voltage; finally a
negative feedback signal is fed into the first stage as a common mode input. The CMFB needs to
have sufficient feedback gain to achieve successful control. Also its bandwidth needs to be high
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enough to accommodate high frequency signals. The area cost of the fully differential design is
more than twice of that of the single-ended design because of the additional common mode
feedback circuit, so is the power consumption. With all the extra effort and, the fully differential
design has improved CMRR, PSRR+ and PSRR-. However, the situation is more complicated
when it is connected to the nanoelectrodes in the closed loop, as the nanoelectrodes connect to
only one of the two inputs and break the symmetry. A programmable capacitor array can be
added to the other input to balance the loading of the nanoelectrodes, but manual tuning has to be
done for each individual site as the nanoelectrode capacitance can vary from site to site.

3.3

Electrode/Amplifier Coupling Configurations
There are many configurations to close the loop of the OpAmp and connect it to the

nanoelectrodes. These different configurations change the performances of the front-end
amplifier, including gain, bandwidth, frequency shaping, noise and how the electrodes are biased
during recording. Below we are listing several electrode/amplifier interface configurations and
discussing their advantages and disadvantages. To simplify the discussion, all configurations are
based on the single-ended OpAmp.

3.3.1 AC Coupling Configuration
Figure 3.5a shows the AC coupling closed-loop connection. 𝐶e is the overall double layer
capacitance of any out of the nine nanoelectrodes on the same pad that have intracellular access
to cell, 𝐶p is the parasitic capacitance plus the overall double layer capacitance of the rest of the
nine nanoelectrodes. The nanoelectrode pad is directly connected to 𝐶1 , a DC blocking capacitor.
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𝐶1 , 𝐶2 and 𝑅2 form a closed loop with the OpAmp. The whole configuration is a bandpass filter
amplifier. The transfer function from the input at the nanoelectrodes, 𝑉in , to the output of the
amplifier, 𝑉out , is

𝐻(𝜔) =

where 𝐶

𝐶e

e +𝐶p +𝐶1

𝑉out
𝐶e
𝑎(𝜔)
=−
∙
𝑉in
𝐶e + 𝐶p + 𝐶1 1 + 𝑖𝜔𝑅2 𝐶2 [𝑎(𝜔) + 1] + 𝐶1 + 𝐶M1
𝑖𝜔𝑅2 𝐶1
𝐶1

3.13

is the electrode attenuation 𝐺2 , because 𝐶1 now is the input capacitance of the

amplifier, 𝐶M1 is the input capacitance of the OpAmp input transistors M1/M2, and 𝑎(𝜔) is the
open-loop gain of the OpAmp. Let us use a one-pole model to describe the open-loop gain

𝑎(𝜔) =

𝑎
1 + 𝑖𝜔/𝜔𝑝1

3.14

By plugging 𝑎(𝜔) in to 𝐻(𝜔) and using the fact that 𝑎 ≫ 1, we can obtain

𝐻(𝜔) ≈ −

𝐶e
𝐶e + 𝐶p + 𝐶1
𝑖𝜔𝑅2 𝐶1
∙
𝐶 +𝐶
1
1
1 + 𝑖𝜔 (𝑅2 𝐶2 + 𝑅2 1 𝑎 M1 + 𝜔 𝑎) − 𝑖𝜔 2 𝜔 𝑎 𝑅2 (𝐶2 + 𝐶1 + 𝐶M1 )
𝑝1
𝑝1

We further assume that 𝐶1 + 𝐶M1 ≫ 𝐶2 ≫

𝐻(𝜔) ≈ −

𝐶1 +𝐶M1
𝑎

,𝑅

1

2 𝜔𝑝1 𝑎

3.15

, we have

𝐶e
𝑖𝜔𝑅2 𝐶1
∙
𝐶e + 𝐶p + 𝐶1 (1 + 𝑖𝜔𝑅 𝐶 )(1 + 𝑖𝜔 𝐶1 + 𝐶M1 )
2 2
𝜔 𝑎𝐶
𝑝1

3.16

2

∗
∗
This transfer function is a bandpass filter with two poles 𝜔𝑝1
(lower frequency) and 𝜔𝑝2
(higher

frequency). Between the two pole frequencies, the flat band gain is
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𝑎∗ =

𝐶e
𝐶1
∙
𝐶e + 𝐶p + 𝐶1 𝐶2

3.17

And the two pole frequencies are set by
1
𝑅2 𝐶2

3.18

𝜔𝑝1 𝑎
𝜔𝑢
=
(𝐶1 + 𝐶M1 )/𝐶2
(𝐶1 + 𝐶M1 )/𝐶2

3.19

∗
𝜔𝑝1
=

∗
𝜔𝑝2
=

∗
𝜔𝑝1
is directly determined by the feedback loop passive devices, which is set to be lower than
∗
the lower bound of the electrogenic cell signals at 1 Hz. 𝜔𝑝2
, the bandwidth of the amplifier, on

the other hand, is related to the unit-gain bandwidth of the OpAmp and the gain of the closedloop amplifier, which needs to remain higher than 5 kHz, the upper bound of the electrogenic
cell signals. Since we have 𝜔𝑢 =

𝑔𝑚1
𝐶C

, the bandwidth of the closed-loop amplifier actually sets

the minimal power consumption of the OpAmp, as the input pair transistors biased in weak
inversion have their transconductance 𝑔𝑚1 proportional to their operating currents.
Fig 3.5b shows the noise sources in this coupling configuration. There are two sources of
noise as discussed before: the electrode noise and the OpAmp noise that is summarized into its
input referred noise. Therefore, we can calculate the noise at the output of the closed-loop
amplifier.
2
2
2
̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣out
=𝑣
out,electrode + 𝑣out,OpAmp

3.20

The electrode thermal noise is first low-pass filtered by the combined capacitance
𝐶e + 𝐶p + 𝐶1, then it goes through the band-pass transfer function of the closed-loop amplifier
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2

4𝑘B 𝑇
𝑅𝑒
𝑖𝜔𝑅2 𝐶1
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣
|
| |
|
out,electrode =
∗
∗
𝑅e 1 + 𝑖𝜔𝑅e (𝐶e + 𝐶p + 𝐶1 ) (1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)
We have√𝐶

𝑘B 𝑇

e +𝐶p +𝐶1

2
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as the integrated electrode noise before the amplifier and it is approximately

in the 20 μV range for a combined capacitance of 10 pF. Note that 2𝜋𝑅

1

e (𝐶e +𝐶p +𝐶1 )

∗
≪ 𝜔𝑝1
=𝑅

1

2 𝐶2

.

Therefore, most of the electrode noise power spectral density lies outside of the passband of the
closed-loop amplifier and is not amplified by the passband gain, making electrode noise an
insignificant portion of the output noise.
The OpAmp noise has a different transfer function from the signal transfer function

2
2
̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅
𝑣out,OpAmp
=𝑣
in,OpAmp |

1 + 𝑖𝜔𝑅2 𝐶1†
∗
∗∗
(1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)

2

|
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where 𝐶1† is the combined capacitance from the negative input of the OpAmp to ground

𝐶1† =

𝐶1 (𝐶e + 𝐶p )
+ 𝐶M1 < 𝐶1 + 𝐶M1
𝐶e + 𝐶p + 𝐶1
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and
∗∗
𝜔𝑝2
=

𝜔𝑢
𝐶1† /𝐶2

>

𝜔𝑢
∗
= 𝜔𝑝2
(𝐶1 + 𝐶M1 )/𝐶2
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is the high frequency pole for the OpAmp noise transfer function, which is slightly higher than
that of the signal transfer function. The OpAmp noise has a DC gain of 1 and a passband gain of
𝐶1† /𝐶2 , which is lower than the passband gain 𝐶1 /𝐶2 for signal and electrode noise. Since
2
̅̅̅̅̅̅̅̅̅̅̅̅
𝑣
in,OpAmp has both white thermal noise and pink flicker noise, the integrated result has different

behaviors for the two different noises.
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Figure 3.5: AC coupling configuration. a, The front-end amplifier in AC coupling closed-loop
configuration. Vin is at the input of the electrode. b, equivalent circuit to calculate the output
noise vout2. ie2 is the electrode thermal noise, va2 is the OpAmp input referred noise.

For thermal noise, an upper bound of the integrated noise can be acquired by focusing on
the high-frequency behavior of the transfer function as
2
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Note that
2

2
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1 1
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∙
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independent of closed loop gain. Therefore
32𝑘𝐵 𝑇 1 𝐶1† 𝑔𝑚1 8 𝐶1† 𝑘𝐵 𝑇
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑉out,OpAmp,thermal ≤
∙
=
3𝑔𝑚1 4 𝐶2 𝐶C
3 𝐶2 𝐶C
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which is surprisingly a kT/C noise on the Miller capacitance of the OpAmp. If we refer the noise
all the way back to 𝑉in by dividing the signal passband gain, the OpAmp thermal noise has a
contribution of
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In cases where 𝐶M1 can be neglected
8 𝑘𝐵 𝑇 𝐶1 (𝐶e + 𝐶p ) 𝐶2 (𝐶e + 𝐶p + 𝐶1 )
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑉
≤
∙
∙
∙
in,OpAmp,thermal
3 𝐶C 𝐶e + 𝐶p + 𝐶1 𝐶12
𝐶e2
=

2
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8 𝑘𝐵 𝑇 𝐶2 (𝐶e + 𝐶p )(𝐶e + 𝐶p + 𝐶1 )
∙ ∙
3 𝐶C 𝐶1
𝐶e2

We can see that the way to minimize this noise is to increase electrode double layer capacitance
𝐶e , reduce parasitic capacitance 𝐶p , decrease input pair capacitance 𝐶M1 , increase closed-loop
gain 𝐶1 /𝐶2 and increase Miller capacitance 𝐶C . However, increasing the latter two would
demand more power consumption in the OpAmp design to meet the bandwidth requirement.
For the flicker noise, the noise is more difficult to estimate analytically due to the 1/f
frequency dependence of the noise power spectral density that makes it necessary to consider
low-frequency behavior of the transfer function. For the electrogenic cell signal frequency range
∗
we are interested in, the highest flicker noise power spectral density occurs at 𝜔𝑝2
. When
2
designing the OpAmp to minimize ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣in,OpAmp,flicker
, it is intuitive to increase the sizes of M1/M2

and M5/M6 to reduce flicker noise. However, the increased sizes of M1/M2 lead to large 𝐶M1 ,
which would increase the passband gain 𝐶1† /𝐶2 of the OpAmp noise. An optimal size exists that
minimize the sum of thermal noise and flicker noise. The optimal size is generally very larger
than normal transistors and cost a significant amount of area in the front-end circuit design.
To sum up, to minimize noise in the AC closed-loop configuration, it is necessary to
increase the power consumption to combat thermal noise, and also to increase the area cost to
combat flicker noise.
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The AC coupling configuration is also the basic configuration on top of which we derive
other configurations. This configuration basically sets the electrode float to make sure that no
leakage current is passed into the cells while recording, hence minimize the adverse effect on
cells from electrochemistry. But the downside is that we lose control of the DC voltage of the
electrode during recording and we are unable to measure the DC voltage.

3.3.2 Voltage Clamp Configuration
Figure 3.6a shows another configuration that can operate like a voltage clamp, which is
able to set the electrode biasing voltage while reading the signals. The key difference from the
AC coupling configuration is the removal of the blocking capacitor 𝐶1 , allowing the electrode to
be directly connected to the negative input of the OpAmp—the virtual ground—the voltage of
which can be set by the positive input of the OpAmp. In this configuration the feedback loop
senses the current passed through the electrode and transduce it into a voltage output by the
feedback impedance 𝑍2 .
The transfer function from 𝑉in to 𝑉out can be derived, by setting 𝐶1 → ∞ from the AC
coupling configuration, as

𝐻(𝜔) =

𝑉out
𝑖𝜔𝑅2 𝐶e
≈−
∗
~
𝑉in
(1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)
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where the poles are
1
𝑅2 𝐶2
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𝜔𝑢
(𝐶e + 𝐶p + 𝐶M1 )/𝐶2
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∗
𝜔𝑝1
=

~
𝜔𝑝2
=

The passband gain is
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𝑎~ =

𝐶e
𝐶2
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which is higher than the passband gain of the AC coupling configuration

𝐶e
𝐶e +𝐶p +𝐶1

𝐶

∙ 𝐶1 . The
2

~
∗
bandwidth 𝜔𝑝2
is generally larger than 𝜔𝑝2
because 𝐶1 > 𝐶e + 𝐶p .

Fig 3.6b shows the noise schematic for the voltage clamp configuration, and we can
derive the amplifier output noise generated from the electrode
4𝑘B 𝑇
𝑅2
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑣
=
|
|
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∗
~
𝑅e (1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)

2
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We see that the electrode noise is suppressed. The electrode thermal noise current 𝑖̅2𝑛 directly sees
the feedback impedance of the closed-loop amplifier and is transduced into the output voltage
when flowing through. However, due to 𝑅e ≫ 𝑅2 , the output noise is very insignificant.
The OpAmp contribution to the output noise is
1 + 𝑖𝜔𝑅2 (𝐶e + 𝐶p + 𝐶M1 )
2
2
̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅̅̅̅̅
𝑣out,OpAmp
=𝑣
|
in,OpAmp |
∗
~
(1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)

2
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The passband gain is (𝐶e + 𝐶p + 𝐶M1 )/𝐶2. For the thermal noise contribution, we can obtain its
upper bound
8 𝐶e + 𝐶p + 𝐶M1 𝑘𝐵 𝑇
2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑉out,OpAmp,thermal
≤
3
𝐶2
𝐶C

3.36

And when referred back to 𝑉in ,

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑉
in,OpAmp,thermal ≤
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𝑎~2
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=

8 𝑘𝐵 𝑇 𝐶2 (𝐶e + 𝐶p + 𝐶M1 )
∙
3 𝐶C
𝐶e2
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Figure 3.6: Voltage clamp coupling configuration. a, The front-end amplifier in voltage clamp
coupling closed-loop configuration. Vin is at the input of the electrode. b, equivalent circuit to
calculate the output noise vout2. ie2 is the electrode thermal noise, va2 is the OpAmp input referred
noise.

which is always smaller than that in the AC coupling configuration. A similar conclusion can be
obtained for the flicker noise. Hence the voltage clamp configuration is an improvement from the
AC coupling configuration for its noise control capability.
In sum, the voltage clamp configuration is superior to the AC coupling configuration in
many ways: first, it has higher signal gain and higher bandwidth given the same feedback
devices and OpAmp, meaning that to meet the electrogenic cell signal requirements it can be
implemented with less power consumption; second, the elimination of 𝐶1 reduces area cost and
helps build electrode array with higher density; third, its signal fidelity is enhanced by
suppressing the electrode noise and improving the OpAmp signal-to-noise ratio. Furthermore,
with the voltage clamp configuration, we are able to apply voltage stimulation while reading
signals at the same time, which could not be achieved with the AC coupling configuration; we
can also bias the electrodes in Faradaic region to reduce the electrode impedance for greatly
increased signal-to-noise ratio, though it is not advised due to the strong DC current passed into
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cells. The major disadvantage of the voltage clamp configuration is possible leakage current into
the electrode that can deteriorate cell viability in long-term experiments.

3.3.3 Current Clamp Configuration
Figure 3.7a shows the current clamp configuration. In this configuration, the electrode is
also floating with no DC current passed through the electrodes. The difference from the AC
coupling configuration is that this configuration has the electrode signal fed into the positive
input of the OpAmp and hence generates some peculiar characteristics.
Its transfer function from 𝑉in to 𝑉out is

𝐻(𝜔) =

𝑉out
𝐶e
1 + 𝑖𝜔𝑅2 (𝐶1 + 𝐶M1 )
≈−
∙
∗
′
𝑉in
𝐶e + 𝐶p + 𝐶M1 (1 + 𝑖𝜔/𝜔𝑝1
)(1 + 𝑖𝜔/𝜔𝑝2
)
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This transfer function has a DC gain of 1, which is able to measure the DC voltage level even
without direct DC coupling. The gain starts ramping at

𝑧′ =

1
𝑅2 (𝐶1 + 𝐶M1 )
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until it reaches a flat band defined by the poles
1
𝑅2 𝐶2

3.40

𝜔𝑢
(𝐶1 + 𝐶M1 )/𝐶2
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The passband gain is

𝑎′ =
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Figure 3.7: Current clamp coupling configuration. a, The front-end amplifier in current clamp
coupling closed-loop configuration. Vin is at the input of the electrode. b, equivalent circuit to
calculate the output noise vout2. ie2 is the electrode thermal noise, va2 is the OpAmp input referred
noise.

This transfer function is similar to the transfer functions for the OpAmp noise in the two
configurations discussed above, as the signal is directly fed into the positive input of the OpAmp
in the current clamp configuration. The passband gain is now proportional to 𝐶1 because 𝐶1
doesn’t load the electrode anymore.
Fig 3.7b shows the noise schematic for the current clamp configuration, and we can
derive the amplifier output noise generated from the electrode
2
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2
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The electrode thermal noise is first low-pass filtered by the combined capacitance 𝐶e + 𝐶p + 𝐶M1,
then it goes through the band-pass transfer function of the closed-loop amplifier. The majority of
the noise spectral density shaped by 𝐶e + 𝐶p + 𝐶M1 also lies outside out the passband, but due to
the DC gain of 1, the electrode noise at the output is the highest of all three configurations, but is
still shadowed by the OpAmp noise.
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The OpAmp contribution to the output noise is

2
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̅̅̅̅̅̅̅̅̅̅̅̅̅
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|

which has the same form as the signal transfer function. For the thermal noise contribution, we
can obtain its upper bound
8 𝐶1 +𝐶M1 𝑘𝐵 𝑇
2
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And when referred back to 𝑉in ,
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which is a further improved case from the previous two configurations, as 𝐶1 doesn’t load the
electrode and can be ramped up to linearly boost the signal gain, while the output noise gain is
proportional to the square root of 𝐶1 . The flicker noise, however, is high due to DC gain of 1,
which would manifest itself as a very low frequency drifting of the output voltage. To combat
this larger transistors are needed, at the sacrifice of area budget. If the output voltage drift
doesn’t saturate the amplifier, the current clamp configuration is the most promising one to
achieve high signal-to-noise ratio, at the cost of area for a very large 𝐶1 .
In sum, the current clamp configuration has its own merits: first, it is able to measure DC
signal level and acquire information on how the membrane resting potential changes; second, it
is able to achieve the highest signal-to-noise ratio by creating a very large 𝐶1 ; third, during
recording it has minimal leakage current without a direct DC pathway to the electrode, hence
providing the best protection for cell viability. The major drawbacks are its large area cost
associated with the high noise performance and susceptibility to output DC drift due to
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unsuppressed flicker noise. Also neither input of the OpAmp is directly biased, therefore some
high resistance bias scheme is needed so that it doesn’t affect the transfer function is the
electrogenic cell frequency range.
For the current clamp configuration to work we also need to devise a current stimulator
that connects to the electrode. When the current stimulator injects DC or AC current into the
electrode the amplifier is able to monitor the voltage signals simultaneously. We will discuss the
current stimulator design later on.

3.4

Pseudo-Resistor
∗
All three configurations discussed above require a low frequency pole 𝜔𝑝1
=𝑅

1

2 𝐶2

that

should be set at the lower limit of the electrogenic cell frequency approximately at 1 Hz. On the
other hand, to achieve high passband gain and high signal-to-noise ratio it is required to
minimize 𝐶2 . The CMOS processes used in our work has a minimal capacitor of around 10 fF,
which is what is used as the minimal 𝐶2 in the design. Therefore, 𝑅2 needs to be at least 15 TΩ to
set the pole lower than 1 Hz. Traditional CMOS technology cannot produce resistors with such
high resistance, not to mention in the tight area constraint of our design.
Our solution is to build pseudo-resistors using nonlinear devices available in the CMOS.
Subthreshold-biased MOSFETs and diode-connected MOSFETs are generally used as pseudoresistors[43]–[45]. The former takes advantage of the small channel current in deep weak
inversion region while the latter uses the parasitic diode between the drain/source and substrate.
The subthreshold-biased MOSFETs generally provide a higher current/lower resistance than the
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diode-connected MOSFETs. Both types of pseudo-resistors are highly nonlinear—actually their
I-V characteristics show exponential relationships.
In our work we are directly using CMOS diodes as pseudo-resistors.

Diodes are

connected into anti-parallel pairs to produce a symmetrical I-V curve under both forward and
backward bias. Due to the high nonlinearity, the resistance decreases exponentially when the
large signals ramps up voltage drops in the feedback. To emolliate this, several pairs of antiparallel diodes are connected in series to reduce voltage drop on each diode. These diodes are
∗
designed to provide the low frequency pole 𝜔𝑝1
=𝑅

1

2 𝐶2

that ranges from 0.01 Hz and all the way

up when the voltage amplitude across the pseudo-resistor 𝑅2 changes. When the signal is large
∗
enough, 𝜔𝑝1
can enter the electrogenic cell signal frequency range and cause unwanted

attenuation to the passband gain.
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Chapter 4

ICs, In Situ Circuits and Arrays
In this chapter, we will introduce the CMOS ICs we have designed and fabricated. Two
generations of CMOS IC chips have been fabricated with different in situ circuit designs and
array configurations. Here we will first present the overall information on the 1st generation IC
and its experiment setup, followed by a detailed discussion on how the in situ circuit for every
nanoelectrode stimulation/recording pad is constructed, how these blocks are integrated into an
array, and electrical testing results. Then we will discuss the philosophy of the 2nd generation IC
design, and show how it is improved from the 1st generation IC.

4.1

1st Generation IC
Figure 4.1 shows the 1st generation IC (area: 10.5 mm × 10.5 mm) fabricated in Taiwan

Semiconductor Manufacturing Company (Hsinchu, Taiwan) using the 2P4M, 3.3/5.0 V, 0.35 µm
CMOS technology. It contains an array of 32 × 32 recording/stimulation sites, which occupies an
area of 4.0 mm × 4.0 mm at the center of the IC. The excess IC area outside the array is to allow
for handling during the post-fabrication of the vertical nanoelectrodes on the surface of the array.
Each site consists of an amplifier, a stimulator, and a digital memory. The amplifier to record
electrophysiological events and the stimulator to excite a cell are both connected to a metallic
pad (Al/Cu; area 80 m × 80 m) right above on the IC surface. Thus there are a total of 32 × 32
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pads—with a center-to-center pitch of 126 µm––, where 4 of them are shown in Figure 4.1b. 9
vertical nanowire electrodes (tip diameter: ~100 nm; length: 3 m; pitch: 2 m) are postfabricated at the center of each pad (Figures 4.1c, d). The 9 electrodes at each site are electrically
addressed together by the site amplifier and stimulator underneath.
This CMOS-nanoelectrode array chip is wire-bonded to a chip carrier, where a glass ring
is attached. PDMS is poured between the glass ring and the outside edge of the array to
encapsulate the bonding wires and to form a microfluidic well where electrolyte solutions are
contained and/or cells are cultured (Figure 4.1e). The chip carrier is then plugged into a custom
designed printed circuit board (PCB) that contains auxiliary circuits (Figure 4.1f). The chip and
PCB are interfaced, via a data acquisition card, to a computer. The experimental setup
(Figure 4.1f) to characterize the device accommodates a patch pipette, which is used to facilitate
the assessment of the device performance in electrophysiology experiments.

4.1.1 Integrated In Situ Circuit
Figure 4.2 shows the schematic of the integrated site circuit consisting of an amplifier, a
stimulator, and a memory, all of which lie underneath the site nanowires. The 10-bit memory
(Config[1:10]) enables or disables the amplifier and stimulator (2 bits), and also controls their
characteristics. Of these site components, the amplifier is the most challenging one to realize
because it processes the weak electrophysiological signals measured by the high-impedance
nanoelectrodes, and thus must achieve adequate gain, noise, and bandwidth. Moreover, as the
amplifier takes up most of the site area and consumes more power than the stimulator (only
either the stimulator or amplifier is used in electrophysiological experiments), the amplifier
performance must be optimized within tight area and power budget: the site area constraint is to
achieve a denser array; the site power constraint is to minimize heat dissipation that can impair
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Figure 4.1: 1st generation IC overview and experiment setup. a, 1st generation CMOS IC. b, 4
site pads in the 32×32 array on the IC surface. Under each pad lie an amplifier, a stimulator, and
a memory. c, d, SEM images of 9 vertical nanowires fabricated per pad. e, Device is wirebonded to a chip carrier; a glass ring and PDMS flowed over the bonding wires create a
microfluidic well. f, Experimental setup including the packaged device, PCB, and a patch pipette.
cells. The final design reaches a balance among the amplifier parameters––as discussed shortly–
–with a site area of 126 m × 126 m and a maximum designed site power consumption of
12 W (with amplifier on and stimulator off) or a maximum power dissipation density of
~76 mW/cm2 across the array. The site area is within the range of site dimensions of other arrays
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with in situ amplifiers. The power dissipation density, even in a conservative measure, is
expected to have limited adverse impact on cell temperature[32], [46].
The amplifier consists of a front-end low noise amplifier (LNA) followed by a variable
gain amplifier (VGA) (Figure 4.2). The front-end LNA is the most critical building block in
setting the sensitivity of the overall amplifier, while the VGA provides an additional gain with
tunability. The LNA is an operational amplifier placed in a closed negative feedback loop in the
AC coupling configuration as discussed in Chapter 3. As the capacitor C1 at the LNA input
blocks DC currents to and from the nanowires, during the recording mode with the amplifier on,
the nanowires work in the capacitive mode. The closed-loop topology of the LNA creates gain
with bandpass characteristics, rejecting slow drift of the nanoelectrode voltage as well as the
noise outside the signal frequency range. Its passband gain—from the LNA input Vnw to its
output—is C1/C2. Since the VGA adopts the same topology as the LNA, its passband gain is
C1’/C2’. This VGA gain can be varied with the use of a tunable C1’, which is digitally controlled
by the site memory (4 bits, Gain [1:4]). The passband gain of the overall amplifier is then G 
Vamp/Vnw = C1/C2 × C1’/C2’. Note from Figure 4.2 that the LNA input voltage, Vnw, is an
attenuated but non-distorted version of the intracellular potential, Vm. The electrode attenuation
factor G2  Vnw/Vm <1, , as defined in Chapter 2, is the voltage division ratio, Ca/(Ca+Cp+C1).
This recapitulates our earlier discussion: e.g., a smaller Cp mitigates attenuation, as leakage
through Cp is lessened; the use of the in situ amplifier decreases Cp by shortening the nanowiresto-amplifier path.
The signal going through the nanowires and amplifier is contaminated by noise. First, as
the Johnson noise Vn from the nanowire resistor Ra (V̅n2/Δf = 4kTRa; k: Boltzmann constant; T:
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Figure 4.2: Schematic and physical layout of the 1st generation IC site circuit. a, The three
major building blocks of the CMOS site circuit are a 10-bit digital memory, a stimulator
accompanied by a 3:1 input MUX, and an amplifier consisting of a low noise amplifier (LNA)
followed by a variable gain amplifier (VGA). Each site also includes a single input of a 128:1
output multiplexer and a metallic pad in which nanoelectrodes are post fabricated. b, The site
layout of these building blocks is from the computer aided design (CAD) software (Cadence) due
to the underlying structures being difficult to image in the actual IC. The figure separately shows
important passive components, such as an on-chip blocking capacitor at the amplifier input, and
pn junction diodes in the amplifier feedback paths. b, The pixel layout of these building blocks is
from the computer aided design (CAD) software (Cadence) due to the underlying structures
being difficult to image in the actual IC. The figure separately shows important passive
components, such as an on-chip blocking capacitor at the amplifier input, and pn junction diodes
in the amplifier feedback paths.
temperature) stores a mean thermal energy of kT/2 onto the total capacitance Ca+Cp+C1 at the
amplifier’s input node, the rms voltage noise at the amplifier input is [kT/(Ca+Cp+C1)]1/2 (this is a
conservative calculation; actual noise is smaller due to the finite amplifier bandwidth). The
amplifier adds noise, too, consisting of 1/f noise significant in our frequency range and thermal
noise. Reducing this amplifier noise requires transistors in the signal path to be larger and sink
more current, entailing trade-offs with the area and power constraint. In sum, the design of the
amplifier is a complex process to balance various parameters to optimize gain, noise, and
ultimately the signal-to-noise ratio, subject to the area and power constraint.
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Setting the proper low and high cutoff frequencies of the amplifier bandpass
characteristics is another critical task, to reject noise outside the bandwidth of
electrophysiological signals. We aim at low cutoff frequency, f1, of ~1 Hz, and high cutoff
frequency, f2, of ~5 kHz, to cover most spectral contents of action potentials (1 kHz ~ 5 kHz),
postsynaptic potentials (100 Hz ~ 1 kHz), and membrane oscillations (1 Hz ~ 100 Hz)1.
Achieving f2 ~ 5 kHz again involves optimization within the power constraint, as is elucidated in
Chapter 3. To attain f1 ~ 1/(2πRpseudoC2) ~ 1 Hz, Rpseudo

C2 is set

at ~10 fF to optimize gain and noise. Standard resistive materials in CMOS technology would
occupy a prohibitively large area to produce such a large resistance. We use anti-parallel
pn-junction diode pairs biased at zero DC current as pseudo-resistor Rpseudo (Figure 4.2).
Moreover, to reduce nonlinearity of the resistor, we connect multiple pairs of anti-parallel diodes
in series; this reduces voltage drop on each pair for a given signal, lessening nonlinearity.
In fact, we implement two types of pseudo-resistors to investigate trade-offs among
various traits they impart on the amplifier. The pseudo-resistors in the LNAs in the top half of
the array are 10 pairs of small anti-parallel diodes in series, while those in the LNAs in the
bottom half are 3 pairs of large anti-parallel diodes. The former attains higher linearity, larger
Rpseudo, and smaller parasitic capacitance. The VGA pseudo-resistors are 10 pairs of small antiparallel diodes all across the array, as the linearity is of greatest importance in this second stage.
For future references, we refer to the site amplifiers in the top [bottom] half of the array as type-1
amplifier [type-2 amplifier]. The time constant associated with f1 ~ 1 Hz retards the settling of
the amplifier when it is turned on; to circumvent this issue, a switch digitally controlled by the
site memory (1 bit) is added to the negative feedback path of the amplifier (Figure 4.2) and
turned on momentarily when the amplifier is activated.
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The stimulator (buffer) to excite cells can apply a voltage signal with an amplitude of up
to 4 V to the nanowires. At each site, the stimulator is accompanied by a 3-bit multiplexer
(Stim[1:3]; Figure 4.2, left); the latter chooses any one excitation signal from 3 different options
that are routed to all sites and feeds the former. These variable options for stimulation are
intended to make network studies more versatile.

4.1.2 Gross Operation of the Array
Figure 4.3 illustrates the setup to operate the CMOS-nanoelectrode array placed on the
PCB. The IC and PCB are programmed and read through a National Instruments PXIe-6358 data
acquisition (DAQ) card and interfaced to the user through a real-time custom Labview interface
on the PC.
A digital block integrated outside the array, which we call ‘memory write’ in Figure 4.3
(see also Figure 4.2), receives configuration data bits (Config[1:10]) as well as configuration
clock (500 kHz), enable, and reset (C_Clk, C_En, and C_RSn) signals from the DAQ card. It
then programs the 1024 site memories sequentially at half the configuration clock rate; the
programming of the entire array thus takes ~ 4.1 ms.
The 1024 amplifier outputs are divided into 8 subgroups, with each containing 128
outputs from 4 rows of the array. The 128 outputs in each subgroup feed a 128:1 analog output
multiplexer of its own (Figure 4.2). This multiplexer continuously repeats, sampling the 128
outputs sequentially with a 1.248 MHz clock. Each amplifier output is then sampled at an
effective rate of 9.75 kHz with no aliasing up to 4.875 kHz––chosen close to f2, the high cutoff
of the amplifier. The 128 signals so sampled share the same data line. As a whole, 8 analog
output data stream from the array, which are routed to 8 analog-to-digital converters of the DAQ
card. For this multiplexing operation, the DAQ card produces the 1.248 MHz sample clock and

68

Figure 4.3: 1st generation IC operation of electrode array. The CMOS IC has supportive
electronics using PCB, DAQ card, and personal computer (PC). Anolog and digital signals are
flown between these electronics
sample enable signal (S_Clk and S_En), which are fanned out to the 8 analog output multiplexers
by an integrated digital block, ‘output multiplex select’ (Figs 4.2, 4.3).
The biasing of the IC is facilitated by digitally programmable low-noise voltage
regulators on the PCB. They provide the IC with a power supply, Vdd = 5 V, and amplifier input
biases (Vbias in Figure 4.2), with reference to chip ground, Vgnd. The chip ground is programmable
from -5.0 V to +5.0 V with 1-mV accuracy with respect to the potential Vref of the Ag/AgCl
reference electrode in solution, which we set at earth ground; the amplifier input biases are
programmable with 0.5 mV accuracy. This biasing scheme allows site stimulators to produce
both positive and negative voltages with respect to Vref.
In addition to the voltage regulators, the PCB contains an inline current sensing circuit to
measure the positive and negative current through the reference electrode from ~1 pA to 1 µA.
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4.1.3 Electrical Characterization
To measure the overall amplifier transfer function from Vnw to Vamp (Figure 4.2) for a
given site, we activate both stimulator and amplifier in the site, apply a sine wave (1 mV,
variable frequency) to the stimulator (buffer), and record the amplifier’s output. Figure 4.4a
shows the measured transfer function at maximum gain (Gain[1:4] = 1111; see Figure 4.2 for this
VGA code) for a type-1 and a type-2 amplifier. The type-1 amplifier has a bandwidth from f1 =
~0.05 Hz to f2 = ~5 kHz and a passband gain G = ~400 V/V. For the type-2 amplifier, f1 =
~0.1 Hz, f2 = ~5 kHz, and G = ~180 V/V. Both bandwidths cover spectral contents of various
electrophysiological signals (Figure 4.4a). The type-1 amplifier has a smaller f1, primarily
because the pseudo-resistor in the LNA in the type-1 amplifier has a larger Rpseudo. The type-1
amplifier has a larger G, because the LNA pseudo-resistor in the type-1 amplifier has a smaller
parasitic pn junction capacitance to add to C2 (note that the LNA gain is given by C1/C2). Figure
4.4b shows G measured at 100 Hz as a function of VGA code, Gain[1:4], from another set of
type-1 and type-2 amplifiers. Again, G is larger for the type-1 amplifier. In either amplifier type,
G linearly increases with the VGA code, making a wide range of gain available to maximize the
dynamic range of the amplifier.
Figure 4.4c shows the power spectral density (PSD) of the output voltage noise measured
with the same type-2 amplifier used for Figure 4.4b. This measurement is done with the
maximum G and with no input signal except biasing. Integrating the PSD over the frequency
from 1 Hz to 4.875 kHz results in a total output noise of 38.4 mVrms. By dividing this by the
amplifier’s maximum G of 152 V/V (Figure 4.4b), we attain the input-referred noise at the Vnw
node (Figure 4.2) to be 253 µVrms. This particular type-2 amplifier used for Figures 4.4b and c is
later used again in
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Figure 4.4: Electrical measurements of the 1st generation IC. a, Transfer function (Vamp/Vnw)
of a type-1 and a type-2 amplifier. Typical bandwidths of membrane oscillations (MO),
postsynaptic potentials (PSP), and action potentials (AP)1 are juxtaposed. b, Passband gain G
(Vamp/Vnw at 100 Hz) vs. VGA code for another type-1 and type-2 amplifier. c, Output voltage
noise PSD of the type-2 amplifier used for part (b). d, e, Heat maps of maximum G at 100 Hz
and amplifier input referred noise. f, Histogram of input referred noise with a 0.1 mV bin (2
outliers above 3 mVrms omitted).
the electrophysiology experiments, where we will compare the input referred noise to the signal
amplitude.
We repeat the measurement of the gain and noise of individual site amplifiers across the
entire array. Heat maps of the maximum G at 100 Hz and input referred noise of each site
amplifier are plotted in Figures 4.4d and e. Type-1 amplifiers in the top half of the array have
larger gains than type-2 amplifiers in the bottom half (Figure 4.4d). The gain variability observed
in the heat map is due mainly to process variations of the pseudo-resistor’s parasitic pn junction
capacitance. Figure 4.4e shows that type-1 amplifiers also tend to exhibit somewhat higher input-
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referred noise. Despite these variations, Figure 4.4f shows that the majority of the site amplifiers
have input-referred noise on the order of ~250 µVrms.
Finally, a maximum power dissipation density of 61.5 mW/cm2 is measured with all
amplifiers turned on, in good agreement to the designed value intended to limit heat impact on
cell viability.

4.1.4 Performance Issues
1st generation ICs demonstrated the feasibility of many key aspects of a CMOS-assited
nanoelectrode interface, but it also has revealed tobe a far cry from performing either high
fidelity or massively parallel neuronal interrogation due to sub-optimal CMOS electronics design.
In fact, we have identified critical design issues to address. Many of these design issues arise
from the inherent challenges that the high-impedance nanoelectrodes pass a small current in an
electrophysiological event and that low frequency contents of neuronal signals reaching down to
~1 Hz can be significantly contaminated by device 1/f noise.
Issue 1 (Array yield): Rpseudo based on the pn junctions has a small leakage current with a
large variability (fA ~ pA). While this leakage current is hardly a problem in typical CMOS
circuits, in our case with Rpseudo ~ TΩ, an appreciable voltage drop occurs across Rpseudo, and
moreover, due to the leakage current variability, the voltage drop varies significantly from site to
site, where some site amplifiers are saturated. Due to this, only maximum ~50% of the array
could be used simultaneously for a fixed voltage of the reference electrode.
Issue 2 (Signal-to-noise ratio): The AC coupling configuration used in the front-end LNA
design is not the most ideal configuration for noise reduction. The DC blocking capacitor C1
loads to the electrode and deteriorate the electrode attenuation. Inefficient OpAmp design also
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fails to achieve the optimal noise performance due to the tight area and power constraints in
every site. This measured signal-to-noise ratio indicates that 1st generation IC is able to record
action potentials, but not the important subthreshold activities such as PSPs.
Issue 3 (Array density): Tradeoff with the amplifier performance in the in situ circuit
design led to a site area of 126 m × 126 m. As this is much larger than dimensions of typical
mammalian neurons, the spatial resolution of the preliminary array is not optimal for conducting
network dynamics study.
Issue 4 (Simultaneous stimulation and recording at the same site): In the 1st generation
IC, while running a stimulator at one site and an amplifier at any other site at the same time––
which is important for network study––is a routine task, the stimulator and amplifier cannot be
operated simultaneously within the same site, because the stimulator implemented as a voltage
buffer with low output impedance saturates the amplifier. Ability to simultaneously excite and
record at the same site (just as in the patch clamp) would enhance the utility of the device.

4.2

2nd Generation IC
The 2nd generation IC aims at tackling the identified issues in the 1st generation IC, to

develop a device truly capable of high fidelity and massively parallel electrogenic cell
interrogation. The site circuit is redesigned: a new configurable amplifier replaces the LNA and
VGA for greatly improved noise performance, and a current stimulator is added to achieve
simultaneous stimulation and recording at the same site. The array layout is also revamped to
greatly increase nanoelectrode pad density.
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4.2.1 Configurable Amplifier
Figure 4.5 shows the site circuit. A great deal of reconfigurability is built into the new
amplifier (Figure 4.5, right) with numerous switches, which are controlled by the site memory.
The amplifier can work in all three closed-loop configurations described in Chapter 3, depending
on which switch among S1, S2, and S3 (there are three switches collectively as S3) is activated.
If S1 is activated, as capacitance C1 appears in the input signal path, the amplifier
operates in AC coupling configuration, the same as the 1st generation IC, hence suffering from
the same electrode attenuation G2 = Ca/(Ca+Cp+C1). In this configuration, Issue 2 persists (for a
later comparison, we note that the gain from the intracellular potential to the amplifier output is
G = G2C1/C2). The low cutoff frequency f1 also has the same expression as the preliminary
device, 1/(R2C2). But S1-configuration enjoys one improvement: as the number of pn-junctions
that produce the pseudo-resistance R2 is variable (Figure 4.5), we can minimize the voltage drop
across R2. This allows all sites to be functional simultaneously despite variability, thus resolving
Issue 1.
If S2 is on the nanowires directly connect to the OpAmp input with C1 by-passed, which
is the voltage clamp configuration. The gain from the intracellular potential to the amplifier
output is then G = Ca/C2. As described in Chapter 3, this configuration is able to suppress
electrode noise and also has superior signal-to-noise ratio for noise generated from the OpAmp
as compared to the AC coupling configuration, thus addressing Issue 2. f1 = 1/(R2C2) as in AC
coupling configuration and owing to the ability to vary the number of pn-junctions that produce
R2, Issue 1 is also addressed. To maintain the capacitive-mode operation for the nanowires even
in the absence of C1, we choose the amplifier bias voltage (Vs,1-3, Figure 4.5) proper. This
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Figure 4.5: Schematic illustration of an individual 2nd generation IC site, showing only the
front-end amplifier, shaded blue on the right, and the current stimulator, shade green on the left.
The front-end amplifier is a configurable LNA that can work in three different closed-loop
configurations.

amplifier bias voltage can be also exploited to stimulate the neuron (without resorting to the site
stimulator, Figure 4.5 left), with the resulting intracellular current signal passed through the
nanowires is measured as Vamp/(R2||1/jωC2). So voltage clamping configuration allows voltage
stimulation and current measurement at the same site, which is analogous to the voltage clamp
mode of patch clamp. This furnishes one solution to Issue 4.
Before we discuss the third amplifier configuration where all S3,1, S3,2 and S3,3 are on, we
first introduce the new stimulator design (Figure 4.5, left). It is a switched-capacitor current
stimulator, which contrasts the voltage stimulator of the preliminary device. It can inject or sink
a current, which, proportional to the capacitor Csc and clock frequency for the associated
switches, can be varied from 100 pA to 10 µA. As the current stimulator has high output
impedance, it can be operated simultaneously with the amplifier in the same site. This
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corresponds to the current clamp mode of patch clamp, and provides yet another solution to
Issue 4. The best amplifier configuration to use with this current stimulator is S3-configuration, a
current clamp configuration with R1 added to bias the negative input of the OpAmp, where the
positive terminal of the OpAmp serves as the input terminal, and the amplifier’s transfer function
is Vamp/Vnw = 1+(R2||1/jωC2)/(R1||1/jωC1). The signal-to-noise ratio in this configuration is
improved as the gain capacitor C1 is uncoupled from the electrode path, resolving Issue 2. On the
other hand, it is also free from Issue 1, due to the adjustability of R1 and R2 by varying the
numbers of associated pn junctions (Figure 4.5).
Unlike the 1st generation IC that uses 2-stage amplifiers, the 2nd generation IC uses single
stage amplifiers (Figure 4.5). This mandates a larger power consumption to maintain the same
gain-bandwidth product for the amplifier, but allows for a smaller footprint. The power increase
is not seen as a problem, as the 1st generation IC has been demonstrated to not affect cell vitality;
in fact, we currently need to heat our solution in order to improve cell health. Simple temperature
sensors will be included to regulate the temperature in the proper range.

4.2.2 Higher Array Density
A new layout strategy is adopted in the 2nd generation IC design. In the preliminary
device, each site contained vertical nanowires on a pad on the chip surface and electronics right
under the pad. The pad-to-pad (center-to-center) pitch of 126 µm was set by the footprint of the
site electronics. In the new layout (Figure 4.6), we will densely pack the 128 × 128 array of
electrode pads with no active electronics right below them and will place 4 aggregate active
electronics blocks (which together include 128 × 128 amplifiers, stimulators, and memories)
around the electrode pad array. Not limited by the area of electronics, a dense electrode pad
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Figure 4.6: 2nd generation IC layout scheme that set the active electronics outside of the 128 ×
128 nanowire electrode array. The array density is increased to a pad-to-pad pitch of 15 µm to
match the dimension of electrogenic cells.

array can be created with an estimated pad-to-pad pitch of 15 µm, almost an order of magnitude
improvement from the previous pitch (126 µm), and on a par with dimensions of various types of
mammalian neurons. Thus the new layout strategy addresses Issue 3. In this scheme, the routing
from an electrode pad to a corresponding amplifier is elongated; increasing Cp, but it is still far
smaller than the off-chip amplification case10. The space between the electronics blocks is used
for the pad-to-electronics routing and include 4 integrated pn-junction based temperature sensors
near the pad array. The space between the outer edge of the electronics blocks and inside of the
wire-bonding pads are used for global digital circuitry and output multiplexer. The area of each
site electronics is 120 µm × 120 µm, thus one electronics block will occupy an area of 7.7 mm ×
7.7 mm.
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4.2.3 IC Fabrication and Electrical Characterization
Figure 4.7 shows the 2nd generation ICs fabricated in United Microelectronics
Corporation (Hsinchu, Taiwan) using 3.3V, 0.18-µm CMOS technology. The IC is 10 mm × 20
mm in size. It contains an array of 64 × 64 recording/stimulation pads, densely populated at a
pad-to-pad pitch of 20 µm, comparable to the size of cardiomyocytes and neurons. The electrode
pad array takes an area of 1.28 mm × 1.28 mm in the center of the IC. Surrounding the array are
the four active electronics blocks each occupying an area of 3.2 mm × 8.0 mm. The electronics
for each site takes an area of 250 m × 100 m, which is 60% larger than the 126 m × 126 m
area used in the 1st generation ICs. The 2nd generation ICs are wire-bonded to chip carriers with
microfluidic wells built in a similar fashion as the previous devices.
Electrical characterization of site electronics without nanowire electrodes is displayed in
Figure 4.8. The feedback made of C2 and R2 are digitally programmable: C2 can be switched
from 10 fF up to 130 fF, and pseudo-resistor R2 can be adjusted from one anti-parallel diode pair
up to seven pairs in series. Due to the high R2 resistance, small DC leakage current can cause
significant voltage drop across the feedback. The first step is to find a proper DC bias point for
the front-end amplifier, so that the output DC voltage is at the center of the voltage rails. When
S3,2 is activated to ground C1 through VS4 and VS1 is directly connected to the positive input of the
OpAmp to set the DC bias (see Figure 4.5 for schematics), Figure 4.8a shows the median
OpAmp output DC voltage across the whole array as VS1 sweeps from 0.4 V to 2.4 V. We see
that with
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Figure 4.7: 2nd generation IC overview. a, Photograph of the 2nd generation IC showing the
stimulation/recording pad array in the center. The new layout scheme that spatially separate the
active electronics from the 64 × 64 nanowire electrode array. b, The IC is wirebonded to a chip
carrier and a microfluidic well structure is built on top of the IC.

more diode pairs in the feedback the output DC voltage is a more nonlinear function of VS1, and a
very high gain region around VS1=1.9 V is observed for feedback with more than 3 pairs of
diodes, which should be avoided to maintain output DC voltage stability. On the other hand, with
fewer diode pairs in the feedback, the AC signal gain is more nonlinear due to the larger voltage
drop on each pair of diode. Figure 4.8b measures the AC gain in this configuration, by injecting a
small AC signal at 100 Hz with varying amplitude from 0 to 100 mVpp. 3 pairs of diodes are
connected in the feedback and VS1is set to 1.8 V to maintain the output DV voltage in the center
of the voltage rail. The measured median gain is flat at 31 for VS4 input signal smaller than 40
mVpp, which agrees with C1/C2 (C1 is 3.5 pF and C2 is set to be 100 fF). When VS4 input signal
amplitude increases, the resistance of the feedback diode pairs decreases exponentially, pushing
the low frequency corner up to the 100 Hz signal frequency and kill the gain. Figure 4.8c shows
the transfer functions of 32 sites in this configuration, with VS4 signal amplitude fixed at 20 mVpp.
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Figure 4.8: Electrical characterization of the 2nd generation IC. a, Median output DV voltage
as a function of bias voltage set at the input of the OpAmp. The DC leakage current in the
feedback diode pairs introduce unwanted voltage drops at the OpAmp DC output. b, Median AC
gain as a function of input AC signal amplitude. The attenuation at large input signal amplitude
is due to nonlinearity of feedback diode pairs. c, AC transfer function at fixed input AC
amplitude VS4=2 mVpp. d, Input noise spectral density, obtained by dividing output nosie spectral
density by passband gain. e, Spatial distribution (top) and histogram (bottom) of AC passband
gain when at fixed input AC amplitude VS4=2 mVpp across the array. f, Spatial distribution (top)
and histogram (bottom) of input noise across the array. The input noise is integrated from 1 Hz to
4.875 kHz. g, Spatial distribution (top) and histogram (bottom) of output DV voltage across the
array. h, Spatial distribution (top) and histogram (bottom) of parasitic capacitance Cp across the
array.

Their passband gains are all 30 V/V, low frequency poles vary in the 0.1 Hz – 1 Hz range, and
high frequency poles are all at 20 kHz. Note that when C2 is set to 10 fF, we expect the maximal
gain to be 10 times higher and the high frequency pole reduced to 2 kHz, still sufficient to
capture action potentials. Figure 4.8d shows the input referred noise power spectral density, but
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dividing the measured noise power spectral density at the OpAmp output by the passband gain of
31 V/V.
Figure e – g exhibit the spatial distribution and histogram of gain, input noise and output
DC across the whole array when all site electronics are tested in this configuration. The input
noise is obtained by integrating the input power spectral density over bandwidth from 1 Hz to
4.875 kHz. First of all, the distributions are very homogeneous for all there parameters: more
than 75% of all sites have passband gain in [29.3, 29.5] V/V, input noise in [14, 20] μVrms and
output DC in [1.1, 1.2] V. The input noise (median 16 μVrms) is significantly lower than that of
the 1st generation (~250 µVrms), making the 2nd generation ICs very promising in measuring
small electrogenic cell signals including PSPs and membrane oscillations.
The new layout strategy separates the active electronics and the electrode array spatially;
hence longer interconnections are used to wire each electrode pad to its corresponding
electronics site out of the array. This results in significantly larger stray parasitic capacitance Cp
as compared to the 1st generation ICs. Also the parasitic capacitance varies from pad to pad as
the wiring length is different for pads in different areas of the array. To obtain Cp of each pad, we
activates S3,1 and disconnects S3,2 and measure the AC passband gain from Vs1 to the OpAmp
output in this configuration, which should be 1+Cp/C2. Figure 4.8h shows the spatial distribution
and histogram of Cp across the array. The spatial distribution clearly shows the geometrical
pattern that is closely related to the new layout scheme. The median Cp is 1.6 pF and it varies
from 0.7 pF to 2.3 pF.
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Chapter 5

Electrophysiology Experiments
In this chapter, we will discuss biological experiments that use our CMOS-assited device
to interface electrogenic cells. First electrical tests of the nanowires in the electrolyte bath is
presented showing the electrical characteristic of the nanoelectrodes, then experiments on
HEK293 cells, a type of non-electrogenic cell, are conducted to characterize and optimize
intracellular access to cells, finally extensive experiments on cardiomyocytes with biologically
relevant results are shown to fully showcase the capabilities of our cell interfacing device. All
these experiments are done with the 1st generation IC. Experiments with the 2nd generation IC are
not complete at this stage, but we are anticipating better performance from experiments with the
newer version in the near future. Jeffrey Abbott from Prof Donhee Ham Lab and Tianyang Ye
from Prof Hongkun Park Lab lead in these biological experiments.

5.1

Nanowires-to-Solution Interface Characterization
Figure 5.1 exhibits results from electrochemical measurements with the 1st generation IC.

To characterize the nanowires-to-solution interface at an individual site, we apply a triangular
voltage waveform (Figure 5.1a, inset) to the nanowires using the stimulator at the site and
measure the response current that flows between the nanowires and the Ag/AgCl reference
electrode. The 2.5-V voltage range of the triangular waveform is centered near the zero current
point: for the Pt nanowires, the center voltage is ~0.3 V vs. Ag/AgCl; for the Au nanowires, the
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center voltage is ~0.45 V. The scan speed for the triangular waveform is 50 mV/s. For this
experiment, we use extracellular solution, which contains NaCl (119 mM), KCl (5 mM), HEPES
(20 mM), CaCl2 (2 mM), MgCl2 (2 mM), glucose (30 mM) and glycine (0.001 mM). Figure 5.1a
shows the typical measured current-voltage plots from two different sites, one from a chip with
Pt nanowires and the other from another chip with Au nanowires. The curve from either site
shows a plateau over a voltage range in excess of 1 V; this is where the nanowires-to-solution
interface has purely capacitive interactions, and where we operate the nanowires during the
recording with the site amplifier. Outside this plateau, positive and negative Faradaic currents
flow.
Figures 5.1b and c are the measured Faradaic current maps across the array for the chip
with Pt nanowires and the chip with Au nanowires. While the nanowires are operated in the
capacitive mode during the recording, the goal of this measurement in the Faradaic regime is to
assess the fabrication yield, especially, the amount of metal on the nanowire tips across the array.
To generate the maps, we apply a 1.5-V DC voltage vs. Ag/AgCl to the nanowires at a given site
using its stimulator––this voltage puts the nanowires into the Faradaic regime––, measure the
resulting current between the nanowires and reference electrode after 100 ms, and move on to the
next site. All 1024 sites are measured in ca. 7 minutes. As the measured site current is a steady
state response to the applied DC voltage, the current is purely Faradaic, excluding leakages
through the pad capacitance and nanowire double-layer capacitance. Sites with currents
measuring less than ~30 pA, an empirically determined value, are considered to be too nonconductive, i.e., to have too little metal at the nanowire tips (for comparison, see Figure 5.1a that
shows typical current-voltage curves; at the 1.5 V voltage, the Pt- and Au sites conducts currents
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Figure 5.1: Electrochemical measurements to characterize nanowire/solution interface with
the 1st generation IC. a, Current-voltage curves for Pt and Au nanowires. b, c, Pt and Au
nanowire currents across array at 1.5 V vs. Ag/AgCl.

of 1.9 nA and 1.1 nA); in either chip, more than ~90% of the sites are available for use (Figures
5.1b, c).

5.2

Electrophysiology Experiments with HEK293 Cell
We use the 1st generation IC to measure and manipulate membrane potentials of an in

vitro cultured human embryonic kidney (HEK) 293 cell. As the HEK293 cell has a short culture
time (~3 hrs) and a robust, passive electrical response,32 it is useful in the proof-of-concept
evaluation of the device as an electrophysiology tool. Figure 5.2a shows cells on and in the
vicinity of a site pad, with one of them sitting right on top of the nanowires on the pad. This site
is the one with the type-2 amplifier, whose gain and noise are highlighted in Figures 4.4b and c,
and are typical of the bottom half of the array (Figures 4.4d-f). The cell is also patched by a
pipette (Figure 5.2a); it is pulled to a resistance of ~4 MΩ and is backfilled with a solution
containing potassium gluconate (130 mM), KCl (10 mM), MgCl2 (5 mM), EGTA (0.6 mM),
HEPES (5 mM), CaCl2 (0.06 mM), Mg-ATP (2 mM), GTP (0.2 mM), leupeptine (0.2 mM),
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phosphocreatine (20 mM) and creatine phosphokinase (50 U ml−1) at pH 7.2. The patch pipette is
operated with a Multiclamp 700B amplifier (Molecular Devices).
In the first experiment, we apply a sequence of voltage pulses, Vpatch, of increasing
amplitude to the HEK293 cell using the patch pipette (Figure 5.2c, left, bottom); due to the low
impedance of the pipette in the voltage clamp mode, Vpatch is approximately equal to the resulting
membrane potential, Vm. This membrane potential is then recorded using the site’s nanowire
electrodes and amplifier, where the voltage readout Vamp is in Figure 5.2c, left, top. The average
of 50 repeated readouts is shown as Vamp,ave in Figure 5.2c, left, middle. (Figure 5.2b
schematically illustrates this pipette-excitation-nanoelectrode-recording scheme.) The largest
applied pulse of Vpatch ~ Vm ~ 70 mV––on a par with typical amplitude of action potentials––
results in a recorded Vamp of ~200 mV. Dividing this by the amplifier gain G = 152 V/V implies
that a voltage pulse of Vnw ~ 1.3 mV appears at the amplifier input. From Vnw ~ 1.3 mV, we make
two observations. First, this Vnw peaks amply above the amplifier’s input-referred noise 253
µVrms. Second, the attenuation factor G2 = Vnw/Vm ~ 0.02 V/V is 6 times improved as compared
to the stand-alone nanowire electrodes in the same capacitive mode19, attesting to the benefits of
in situ amplification.
In the second experiment, the pipette applies a signal, which mimics a patch-pipette
recorded action potential from a rat cortical neuron, to the HEK293 cell (Figure 5.2c, right,
bottom) and the resulting membrane potential is recorded by the site’s nanowires and amplifier.
The average of 100 repeatedly recorded data (Figure 5.2c, right, middle) preserves the original
waveform with little distortion, confirming intracellular recording (extracellular recording
greatly distorts the membrane potential). The recorded signal is discernable from noise even in
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Figure 5.2: Results on lectrophysiology experiments with HEK293 cells. a, Micrograph of
HEK293 cells, with one of them on top of nanowires on a site pad and patched by a pipette. b,
For part (c), the pipette in voltage clamp mode applies signals and resulting membrane potentials
are recorded by the nanowires and amplifier of the site. c, (Left) Voltage pulses with growing
amplitude (Vpatch) are applied to the cell. Vamp is the recorded signal. Vamp,avg is the average of 50
repeated Vamp data. (Right) The applied signal mimics an action potential from in vitro rat
cortical neurons and the averaging is over 100 data. d, The stimulator of the site applies biphasic
voltage pulses to the nanowires (Vnw) and the cell’s response is measured by the pipette in
current clamp mode (Vpatch).
the single measurement (Figure 5.2c, right, top). In sum, the device can faithfully handle the
amplitude and spectral contents characteristic of the neuronal action potential.
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The third experiment swaps the role of the pipette and nanowires; we stimulate the cell
using the nanowires and record the resulting membrane potential with the pipette (Figure 5.2d,
right). Here the pipette is used in the current clamp mode, acting as a current source with high
impedance, which allows it to measure the membrane potential. As the biphasic excitation
voltage pulses with 1-V amplitude from the site stimulator [Figure 5.2d, left, bottom] are
centered in the plateau region of the current-voltage curve of the nanowires, a significant portion
of the pulses is delivered to the cell via the nanowires’ capacitance Ca. As Ca is in series with the
resistance of the intra/extra-cellular solution and membrane, the recorded signal shows a
distinctive RC response [Figure 5.2d, left, top] (in the first two experiments described earlier, the
solution and membrane resistances were irrelevant, as the pipette was used in the voltage clamp
mode). Nonetheless, the membrane potential can be manipulated by more than ±50 mV––as seen
from the signal recorded by the patch pipette [Figure 5.2d, left, top]––, which would be sufficient
to elicit action potentials in electrogenic cells.

5.3

Electrophysiology Experiments with Cardiomyocyte
To interface electrogenic cells with the 1st generation IC, we first test and optimize the

operation of individual nanoelectrode sites using neonatal rat ventricular cardiomyocytes
cultured in vitro. When a cardiomyocyte sitting on top beats, the nanoelectrodes can readily pick
up small extracellular voltage spikes (Figure 5.3, top right). The amplitudes of these extracellular
signals are in the range of 250 µV to 1.5 mV, much smaller than the action potential measured
intracellularly using a patch pipette (~120 mV), but on the same order of typical extracellular
signals recorded by planar electrodes[8], [47], [27], [48], [30], [49], [50]. To change the
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operation mode of a nanoelectrode array site from extracellular to intracellular, we apply an
electroporation signal (3 trains of 5 × 1.2 V biphasic pulses at 20 Hz) using the site stimulator
and make the membrane[19], [21], [20] permeable (Figure 5.3, top right). Upon electroporation,
the signal amplitudes measured at the nanoelectrodes jump to ~5 mV, suggesting intracellular
access. The reduced signal amplitude measured by the nanoelectrode (typically ~5 mV but as
high as ~20 mV) as compared to the patch clamp (~120 mV) is the consequence of (1) the
resistive divider between the junctional membrane resistance and seal resistance of the
nanoelectrode-cell interface (typically an attenuation of ~10× but as small as 2.5×) and (2) the
capacitive divider between the nanoelectrode capacitance, parasitic pad capacitance, and
amplifier input capacitance (attenuation of 2.5×). The resistive attenuation of 2.5-10× is an
improvement over previous works[19], [21], [20], and could be further improved through
advancements in the cell-to-electrode interface. Furthermore, the measured waveforms resemble
those of patch pipettes, consistent with their intracellular nature[51]. The addition of blebbistatin
(3 μM), which decouples mechanical beating from the action potential, does not change the
measured signal, verifying its electrical origin. In addition to using an amplifier of a
nanoelectrode array site for membrane potential recording, we can use the site’s stimulator to
induce the action potential of a cardiomyocyte: for instance, by applying a biphasic voltage pulse
sequence every 1 s through a site stimulator, we can change the beating frequency of a
cardiomyocyte from ~1/20 to 1 Hz (Figure 5.3, bottom right).
Following this single-cell recording and stimulation, we demonstrate the network-level
intracellular recording capability of our nanoelectrode array using a tightly connected in vitro
cultured cardiomyocyte sheet. Because extracellular access is readily available to the
nanoelectrode array before electroporation, however, we start with network-level extracellular
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Figure 5.3: Individual cardiomyocyte recoding and stimulation. Left: differential interference
contrast microscope image of an isolated cardiomyocyte sitting on top of the nanoelectrodes on a
nanoelectrode array site pad. Top right: extracellular and intracellular recordings of cardiac
action potentials from the same cardiomyocyte before and after electroporation. Bottom right:
stimulation of a cardiomyocyte using a biphasic voltage pulse sequence with synchronized cell
movement analyzed from video differentials.

recording. In the example shown in Figure 5.4a (leftmost panel), we find that 968 sites are
extracellularly coupled to cardiomyocytes after time-aligned averaging. By following the action
potential firing times of these extracellularly coupled cells, we can determine that the
cardiomyocyte sheet exhibits spatially homogenous action potential propagation (starting upper
right and propagating radially) with a conduction velocity (CV) of 9 cm/s.
We subsequently change the nanoelectrode array operation into the intracellular mode by
applying simultaneous electroporation pulses across all sites. We initially observe a spiral pattern
of action potential propagation around the periphery with a CV of 2 cm/s (Figure 5.4a, at 23.3 s).
As time elapses, however, we start to record the intracellular signals from cells at the central part
of the cardiomyocyte sheet as well, and the number of intracellularly recorded cells increases to
235 at 48.3 s after electroporation.
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The expansion of the intracellularly recorded region from the sheet periphery into the
center (Figure 5.4a) is likely due to the fact that right after electroporation, the large number of
cells at the center is leaking currents and thus fails to fire action potential reliably. With time, the
cellular membranes start to form tight seals around nanoelectrodes, and the cells at the center
regain their normal function, resulting in intracellular coupling to nanoelectrode array sites
(Figure 5.4a, at 43.6 s and 48.3 s). The propagation pattern and the CV of action potentials then
return to their original, pre-electroporation, values within a few minutes (Figure 5.4a, at 173.3 s),
indicating that over time the cardiomyocyte sheet recovers from initial shock after
electroporation.
The action potential dynamics of a cardiomyocyte sheet is sensitively dependent upon the
perturbation that we apply with the nanoelectrode array sites. In the cardiomyocyte sheet
presented in Figure 5.4a, in which the entire nanoelectrode array is used to electroporate the
sheet, the action potential propagation pattern changes from spiral to spatially homogeneous as
time lapses. When we reduce the size of the electroporation region by covering peripheral ~6 site
rows with PDMS, however, the behavior of a cardiomyocyte sheet changes dramatically: as seen
from Figure 5.4b, the cardiomyocyte sheet exhibits consistent reentrant behavior (frequency of
~5 Hz) for ~50 s, totaling more than 250 sustained cycles. This leakage-induced reentry behavior
is similar to those observed in stem cell/cardiomyocyte[52] and fibroblast/cardiomyocyte cocultures[53] where the passive stem cells or fibroblasts, which form gap junctions with the
cardiomyocytes, cause increased electrical loading. In our example, electroporation-induced
leakage plays the role of electrical loading. The examples presented in Figures 5.4a and 5.4b
clearly illustrate the potential of the nanoelectrode array in manipulating and engineering
cardiomyocyte network characteristics via stimulation/electroporationn.
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Figure 5.4: Network-level intracellular recording of in vitro neonatal rat ventricular cardiomyocyte
cultures. a, Mapping of action potential propagation patterns across the array at different time points
before and after electroporation. An extracellular recording before electroporation shows homogeneous
action potential propagation, whereas intracellular recordings after electroporation shows an evolution
from spiral propagation at 23.3 s and 43.6 s back to homogeneous propagation at 48.3 s and 173.3 s. b, To
promote reentrant propagation, the nanoelectrode array is reduced in size by covering ~6 peripheral rows
of sites with PDMS and rounded; extracellular action potential mapping before electroporation shows
homogenous propagation through the sheet. After electroporation, intracellular recordings reveal a
marked reduction in conduction velocity and spiral reentrant behavior. Representative recordings from
cardiomyocytes approximately 90 degrees out of phase show the sustained oscillations at 5 Hz; the
pattern is sustained for ~50 s for ~250 cycles. c, Representative cardiomyocyte recordings, referred to Vne,
of short term coupling for ~5 min and long term coupling for more than 20 min (recording re-started for
10 s midway). d, Number of cells and times (indicated with colors) intracellularly measured in 5
experiments over 7 days.

The data in Figure 5.4c shows the detailed characterization of cell-electrode coupling. In
general, the number of intracellularly coupled cells decreases over time (e.g., from 235 at 48.3 s
to 122 at 173.3 s in Figure 5.4a) because the metallic tips get expelled out of some of the cells
with time[21], [20]. Such ejection of electrodes is manifested by diminishing signal amplitude
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(Figure 5.4c, top). Some sites exhibit prolonged intracellular coupling (Figure 5.4c, bottom),
however, indicating the cell-to-cell variation of the tip-membrane interface. Extended recording
studies show that we can perform repeated intracellular measurements on multiple days (Figure
5.4d). Overall, we find that, in a typical nanoelectrode array device with a cardiomyocyte
sheet, >30% of the sites can get intracellularly coupled at least once over the recording time.
The nanoelectrode array’s capabilities demonstrated above can benefit several areas of
cardiology, such as fundamental studies of signal propagation and tissue-based drug screening
for cardiac diseases[20], [54]–[58]. In the example shown in Figure 5.5, we investigate the
effects of various drugs on cardiomyocyte sheets using the nanoelectrode array. For the
measurements of simple variables of cardiac dynamics, such as the beat frequency and CV, we
can operate the nanoelectrode array in the extracellular mode like traditional MEAs. For example,
the nanoelectrode array extracellularly measures the increase in beat frequency upon the
application of norepinephrine (Figure 5.5a) and the decrease in CV under the influence of 1heptanol (a known gap-junction blocker[56], Figure 5.5b).
In addition to these extracellular measurements, however, the nanoelectrode array
operating in the intracellular mode can determine, with high precision, the duration and shape of
membrane potentials as well as their propagation dynamics. These capabilities, which are
afforded by intracellular access, represent the clearest advantages of the nanoelectrode array over
traditional MEAs in studying the network dynamics and examining the drug effect. Figures 4c
and 4d illustrate one specific example measured at the single-site level: significant elongation of
action potential durations (APDs) upon the application of ATX-II (50 nM) that is recorded by a
nanoelectrode array site operating in the intracellular mode. ATX-II is a Na+ ion channel toxin
known to cause a delayed inactivation of the fast NaV1.5 channel, thus mimicking the effects of
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genetic mutations of SCN5A responsible for congenital long-QT syndrome type 3[59]. The
behaviors in Figures 4c and 4d are consistent with this known effect, and accurately reproduce
previous patch-pipette measurements[59]. The nanoelectrode array also measures the subsequent
reversal of the actions of ATX-II by ranolazine[59] (10 µM) (Figures 4c & 4d). We note that the
ability to investigate these types of drug effects is essential for preclinical development of
pharmaceutical candidates because drug-induced pro-arrhythmia is the most common cause of
withdrawal or restriction of marketed drugs[54].
Beyond the single-site intracellular recording, the true power of the nanoelectrode array’s
network-level intracellular recording capability is best illustrated by high-precision examination
of drug effects on the network dynamics. Figures 4e through 4g show the use of the
nanoelectrode array to map the propagation of action potentials and sub-threshold events in an in
vitro cardiomyocyte sheet under ATX-II. At 239 s after ATX-II profusion, the cells across the
sheet exhibit constant increase in APDs but with differing degrees of APD elongation depending
on the regions (Figures 4e-g): the cells in the lower left (e.g., sites d-f) and right-half (e.g., sites
g-i) exhibit distinctly shorter and longer APDs, respectively, with a transition region (e.g., sites
a-c) in between (Figure 5.5g).
The nanoelectrode array recording further reveals that this spatial APD inhomogeneity is
linked to local polarization dynamics and their spatial correlations. First, the cells in the
transition region fire a second action potential (A2) quickly after the first action potential (A1).
This second action potential propagates to the short APD region, but does not reach the long
APD region because the cells in that region are too depolarized to fire an additional action
potential. This marks the onset of an arrhythmia within the cardiomyocyte sheet.
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Second, the cells in the transition APD region exhibit an early afterdepolarization (EAD:
small membrane depolarization that occurs before the membrane completely repolarizes from the
action potential) (E1) after the second action potential (A2), which then propagates to the cells in
the short APD region to cause triggered activity (TA)[60]. This TA propagates back to the cells
in the transition APD region yet again, causing a second EAD (E2) in the transition region
(Figures 4f & 4g). Once again, the long APD region with an extended depolarization period is
not involved in these local dynamics. The origination of the EAD (E1) in the transition region,
the cause of the TA by the EAD (E1), and the slower propagation of the TA-induced EAD (E2)–
–all revealed by the nanoelectrode array recording in Figure 5.5––are consistent with what have
been observed previously in cardiac tissues with arrhythmias using voltage-sensitive dyes[60],
[61]. Importantly, the recording of these sub-threshold membrane potential dynamics across a
cellular network has not been possible with traditional electrophysiology tools such as patch
pipettes or extracellular MEAs. As such, the measurements presented in Figure 5.5 accentuate
the nanoelectrode array’s ability to both analyze intracellular sub-threshold events in individual
cells and track network dynamics across a large number of cells, highlighting the promise of the
nanoelectrode array for tissue-based pharmaceutical drug screening.
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Figure 5.5: nanoelectrode array study of effects of various drugs on an in vitro neonatal rat
ventricular cardiomyocyte cultures. a, Extracellular measurements of the beat frequency before and
after the application of norepinephrine (10 nM and 100 nM). b, The linear fit of extracellular peak times
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before and after the addition of 1-heptanol (1 mM), showing a 51% reduction in CV. c, Averaged and
amplitude-normalized action potential waveforms (measured as Vne) before and after the application of
ATX-II (50 nM) for five different sites 7 days after in vitro culture (DIV). Incubation with ranolazine
(10 µM) brings the waveform back on the next day (8 DIV). The shaded envelopes indicate the standard
deviation of all coupled site recordings; signal averaging was performed to increase the sample size of the
action potential waveform shape. d, Action potential duration (APD) for a control culture and two test
cultures over 6 experiment days with the application of ATX-II (50 nM) at 7 DIV followed by one-day
incubation of ranolazine (10 µM). Error bars represent standard deviation. Representative recordings,
referred to Vne, before (e) and after (f) ATX-II application for culture 1 shows significant action potential
widening (including peaks A1, A2) and early afterdepolarizations (EADs) (peaks E1, E2). g, Left: spatial
distribution of 54 sites where the voltage traces (right) were recorded in the denoted time period of f.
Traces are arranged vertically in the plot and colored in the spatial map based on the peak time of A1 with
traces in f spatially labeled. The background colors on the map denote regions with long APD (blue),
short APD (green), and a transitional region (magenta); E1, E2 originate and propagate at the interface
indicated with the white dashed arrows. The voltage trace plot clearly shows the action potential and EAD
propagation in the short APD region (top half) and long APD region (bottom half).

5.4

Methods
Listed below are related methods used in the electrophysiology experiments with HEK

293 cells and cardiomyocytes.

5.4.1 HEK293 Cell Culture and Electrophysiology
Commercially available Human Embryonic Kidney (HEK) 293 cells (ATCC, Manassas,
VA) were maintained according to company recommendations. During the experiment, the
nanoelectrode array devices were first plasma treated and sterilized using 70% ethanol. The
HEK293 cells were then passaged, plated onto the device, and incubated for at least 4 hours
before experimentation. For whole-cell patch clamp, the culture media was changed into an
extracellular solution (136 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 10 mM D-glucose, 30 mM
sucrose, 2 mM CaCl2, 1.3 mM MgCl2). Glass pipettes were filled with intracellular solution
(120 mM K+ gluconate, 10 mM Na+ gluconate, 10 mM HEPES, 10 mM Na+ phosphocreatine, 4
mM NaCl, 4 mM Mg-ATP, 2 mM Na2-ATP, 0.3 mM Na3-GTP) with a final impedance of 3 ~ 5
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MΩ. Concurrent patch-clamp and nanoelectrode measurements were performed to the same cell
to confirm the linear transfer function and the stimulation capability of the nanoelectrode array
device.

5.4.2 Cardiomyocyte Cell Culture
We obtained cryopreserved neonatal rat ventricular myocytes from the ventricles of
Sprague Dawley rats from QBM Cell Science (Ottawa, Canada) and plated them immediately
upon arrival. The culture media contained 200 mL of RCBM base media and 0.2 mL GA-1000
(Lonza, Basel, Switzerland) with 15 mL of FBS and 15 mL of Horse serum (GE health care,
Marlborough, MA). Before culture, the nanoelectrode array devices were first plasma treated
(18 W, 10 min) and sterilized with 70% ethanol, coated with 100 μL of 50 μg /mL fibronectin
(Sigma Aldrich, St Louis, MO), and incubated at 37°C for 1 hour. The cryopreserved cells were
thawed in a 37°C water bath for 2 minutes, diluted with media and plated onto the device at a
density of 300 K/mm2. 80% of the media was exchanged 4 hours after plating and 50% was
exchanged every two days afterwards.

5.4.3 Cardiomyocyte Electrophysiology and Drug Experiments
Neonatal rat ventricular cardiomyocytes were used for experiments 5 to 14 days after
plating. The electrophysiology measurements were done in cell culture media at 37°C with an
Ag/AgCl electrode as reference. During each experiment, simultaneous recording from 1024
sites was performed for 3 to a maximum of 10 minutes, limited by a manageable file size of
~12 GB. To achieve the 20-minute extended measurement in Figure 5.4c, we performed two
consecutive 10-minute recordings and combined the data.
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All pharmaceutical materials were purchased (Sigma Aldrich, St Louis, MO), prepared,
and stored according to company recommendations. During the extracellular recording
experiments (norepinephrine and 1-heptanol), the culture was perfused with media containing the
reported concentration of drugs and incubated for 15 minutes before measurements. For the
experiment with ATX-II, the toxin was applied 40 s after electroporation via perfusion. After
measurement, media containing Ranolazine was then perfused and kept in the culture overnight
until the next day’s experiment.

5.4.4 Electrical Signal Averaging and Filtering
Intracellular recording data were filtered in the frequency domain by zeroing the fast
Fourier transform (FFT) frequency content outside of the 1 Hz to 500 Hz frequency band and
taking an inverse FFT. For comparison of intracellular action potential waveforms in
Figures 5.5c and d, we took averages of action potentials within a 5-10 s window. The individual
action potentials were normalized to the maximum of the peak, aligned based on half of their
peak height, and then averaged. Extracellular signals were digitally filtered in the time domain
using a 300 Hz, single-pole high-pass filter.
Extracellular action potential peak times are extracted via time aligned averaging for
better signal to noise ratio: ~400 ms windows around the spike time points (~200) from one
site’s recording were extracted and then used to align and average other site’s recordings. The
relative times of the resultant spikes in the averaged windows were then used as the peak time
and for fittings of CVs and generating propagation maps (Figures 5.4a & 5.5g). Pixels without
spikes after averaging were discarded. For intracellular mappings (Figures 5.4a & 5.5g), the
maximum peak times were extracted from site recordings that show clear intracellular signals.
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5.4.5 Optical and Fluorescence Imaging
For fluorescent imaging of cardiomyocytes, the cells were incubated with 2 µM Calcein
AM (Molecular Probes, Eugene, OR) for 15 minutes and imaged with a confocal microscope
(Olympus Fluoview FV1000) using a 488 nm laser and 505-545 nm bandpass filter. The
fluorescent images were taken in an array fashion and stitched together. Bright field microscope
images and videos were taken using a differential interference contract (DIC) microscope
(Olympus BX61W1). Cell movement in Figure 5.3 was calculated as the sum of the absolute
value of the frame-to-frame difference in the highlighted region of the picture of Figure 5.3, left.
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