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ABSTRACT

Design of custom CMOS amplifiers for nanoscale bio-interfaces

Siddharth Shekar

The miniaturization of electronics is a technique that holds a lot of potential
in improving system performance in a variety of applications. The simultaneous
miniaturization of sensors into the nano-scale has provided new ways to probe
biological systems. Careful co-design of these electronics and sensors can unlock
measurements and experiments that would otherwise be impossible to achieve.
This thesis describes the design of two such instrumentation amplifiers and
shows that significant gains in temporal resolution and noise performance are
possible through careful optimization.

A custom integrated amplifier is developed for improving the temporal res-
olution in nanopore recordings. The amplifier is designed in a commercial
0.18 pm complementary metal-oxide-semiconductor (CMOS) process. A plat-
form is then built with the amplifier at its core that integrates glass-passivated
solid-state nanopores to achieve measurement bandwidth over an order of mag-
nitude greater than the state of the art. The use of wavelet transforms for de-
noising the data and further improving the signal-to-noise ratio (SNR) is then
explored.

A second amplifier is designed in a 0.18 pm CMOS process for intracellular
recordings from neurons. The amplifier contains all the compensation circuitry
required for canceling the effects of the electrode non-idealities. Compared to
equivalent commercial systems and the state of the art, the amplifier performs
comparably or better while consuming orders of magnitude lower power.

These systems can inform the design of extremely miniaturized application-

specific integrated amplifiers of the future.
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Chapter 1

Introduction

The year this thesis was written marked the 60" anniversary of the invention of the
integrated circuit by Jack Kilby and, independently, Robert Noyce - a feat for which
they were jointly awarded the Nobel Prize in Physics in 2000 [1]. Just a year after
their invention, the physicist Richard Feynman delivered his seminal talk “There’s
plenty of room at the bottom” [2]. Unbeknownst to them (perhaps) at the time,
humanity was about to embark on what was to be, until then, the greatest scientific
advance made in any six decades of human history. A key enabler for this advance
was the rapid miniaturization of transistors as governed by Moore’s Law [3].

We now have the technology to fit billions of transistors on a single chip about the
size of a quarter. The advancement in technology that led to this has also allowed us
to build ever-smaller structures and sensors in order to probe events at the microscopic
scale. This relentless progress in the design of sensors and front-end amplifiers has

allowed scientists of various disciplines to ask increasingly specific questions and have



the right set of tools to answer them. In the biological context, we seek to understand
how the structure and function of simple molecules influences behavior at the cellular
level, at the organism level and at the community level.

The greatest difficulty in these studies at the molecular level invariably links to
the proportionally shrinking magnitudes of the signals of interest. While some such
difficulties may be addressed by the design of new systems, such as the invention of
the patch-clamp amplifier in order to study membrane currents in the giant squid
axon, practically, there exists a limit to every recording beyond which the signal
cannot be separated from the noise. A deep understanding of the system and the

associated noise processes can, however, help us push that limit further.

1.1 Thesis outline

Chapter 2 provides an introduction to nanopores and summarizes the various appli-
cations that use nanopores as single-molecule sensors. It also discusses the basics
of signal and noise and their optimization in the context of nanopore recordings.
Intracellular recordings, including their various configurations and modes are also
reviewed. The chapter concludes with a discussion on the current state of the art of
integrated multi-clamp amplifiers.

Chapter 3 talks about the design and testing of an amplifier chip optimized for
nanopore recordings. The chip is fabricated in a commercial 0.18 pm complementary
metal-oxide-semiconductor (CMOS) process and contains twenty-five independently
addressable channels. System-level design considerations are also discussed.

Chapter 4 explores the use of the nanopore amplifier discussed in Chapter 3 in
the design of a low-noise nanopore recording platform. Translocation experiments
with ssDNA in 3 M KCI enable measurement bandwidths with up to 100 ns of tem-
poral resolution. Additional glass-passivation techniques to further reduce parasitic

capacitance allow for further improvements in the signal-to-noise ratio (SNR).



Chapter 5 investigates the use of wavelet denoising as opposed to conventional
Bessel filtering for improving the SNR in high-bandwidth nanopore and ion channel
recordings. When compared to Bessel filters, wavelet denoising offers a superior com-
bination of shape retention and noise suppression and its applicability to simulated
as well as measured data is explored.

Chapter 6 discusses the design of a fully integrated patch-clamp amplifier. The
chip is fabricated in a commercial 0.18 pm process and includes circuitry for injecting
current as well as for canceling the resistive and capacitive non-idealities of the pipette
used for recording. The system is validated both electrically as well as experimentally.

Chapter 7 concludes the dissertation with a summary of the original contribu-
tions made by this work to the field of microelectronics and front-end amplifiers for

biological applications. Avenues for future work are also discussed.



Chapter 2

Background

2.1 Introduction

Biological systems make extensive use of electrochemical signaling while interacting
with one another and with the environment. Considering that the membrane of a
cell is nearly impervious to ion transport, the primary conduit for these interactions
is a class of proteins known as ion channels [4]. The introduction of the patch-clamp
technique provided the first reliable way to electrically observe the currents through
these ion channels reproducibly and with high SNR [5]. We now know that these
channels typically carry currents in the pA range. These relatively weak currents are
only observable at bandwidths of a few kHz.

The geometry of ion channels places them in a class of structures known as
nanopores. Some naturally occurring and artificial biological ion channels can be con-

figured so that they remain “always on” and are considered to be biological nanopores.



The biomimetic equivalents of these “always on” ion channels fabricated in solid-state
membranes are appropriately titled solid-state nanopores. The nanometer scale ge-
ometry of nanopores makes them very attractive for use in single-molecule studies.
The bandwidths offered here far exceed the bandwidths offered by optical techniques
which rely on an additional transduction step of converting the chemical information
to photons before converting them into electrons using an image sensor.

In instrumentation design, it is imperative to understand the sensor’s behavior in
the environment it will be measured in, in order to design an appropriate front-end
amplifier. This chapter first briefly explores the history of solid-state nanopores and
discusses the practical limits that set the upper limit on the bandwidth in nanopore
recordings. The chapter also covers intracellular current and voltage recordings and
their associated design considerations. These insights will guide the design of front-

ends that can further push the boundaries of current measurement capabilities.

2.2 Nanopores

A nanopore, as the name suggests, is a nanometer-sized opening in a dielectric mem-
brane. Nanopores are commonly found in nature and play a critical role in biological
systems. Over the last two decades, solid-state nanopores modeled after their biolog-
ical counterparts have also been fabricated. While nanopores have been used for a
variety of purposes [6-10], their use as single-molecule sensors is of particular inter-
est. This is because their geometry endows them with extremely high spatio-temporal
resolution.

The use of nanopores as single-molecule sensors is essentially a miniaturization of
the operating principle of the Coulter counter [11] so that it operates at nanometer-
length scales. The basic operation of a Coulter counter is illustrated in Figure 2.1.
Consider a system of two reservoirs separated by an impermeable membrane con-

taining a single pore. An electrochemical gradient applied across this membrane will



set up an ionic current through the pore. Any suspended particles in the solution
that pass through this pore will create a change in the ionic current so long as the
conductivity of the particle is different from that of the solution. The more similar
the size of the particle becomes to the size of the pore itself, the larger the percentage
of current that is blocked and hence, the easier it is to detect. Thus, the number of

particles suspended in the solution can be counted precisely using an appropriately

sized pore.
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Figure 2.1: Operating principle of the Coulter counter. As a suspended particle in
the reservoir to the left translocates through the pore into the reservoir on the right,
it blocks the existing ionic current I,pen to a new level Ipjockea. The number of such
events directly corresponds to the number of particles that have translocated.

Time

2.2.1 Biological nanopores

In his notes from 1989, David Deamer was the first person to document the idea of
applying this technique to sequence DNA [12]. Given that the diameter of single-
stranded DNA (ssDNA) is approximately 1.3nm, this would require the use of a
pore whose diameter was also of such length scales. Thankfully, nature is replete
with examples of such pores in the form of ion channels. Briefly, ion channels are

membrane-spanning proteins that allow the passage of ions such as potassium, sodium



and calcium through otherwise impermeable lipid membranes. These channels are
usually gated and have a statistical chance of being closed depending on the electro-
chemical environment around them.

Biological nanopores are a unique subclass of ion channels and are characterized
by the fact that they are “always open”. Practically, biological nanopores are often
toxins that form nanoscale pores, or outer-membrane protein channels that are in-
corporated into a lipid membrane [13]. Early work with biological nanopores focused
on the use of a-hemolysin [14, 15], a naturally occurring protein channel secreted by
Staphylococcus aureus. Several other pores have been explored since then, such as My-
cobacterium smegmatis porin A (MspA) [16, 17], bacteriophage phi29 DNA-packaging
motor [18], bacteriophage SPP1 DNA-packaging motor [19], Escherichia coli Fra-
gaceatoxin C (FraC) [20], Escherichia coli Outer membrane protein G (OmpG) [21],
FEscherichia coli cytolysin A (ClyA) [22], Escherichia coli Curlin sigma S-dependent
growth subunit G (CsgQG) [23, 24] and aerolysin [25, 26].

The greatest strength of biological nanopores is their reproducibility. By taking
advantage of processes that have been perfected over millions of years of by nature,
copies of biological nanopores can be made nearly identical to each other. However,
this also becomes the greatest drawback of these pores in that modification of their
geometry is not straight-forward. However, recent advances in bioengineering have
paved the way for modifying the molecular architecture of these pores [27]. Modulat-
ing the number of charges in the channel [16], introduction of reactive amino acids or
introduction of hydrophobic groups that bind organic molecules are now possible [28].
It is worth noting that as of the time of writing of this thesis, the only commercial
nanopore-based DNA sequencing platform uses biological nanopores exclusively [24].

Despite being extremely versatile, biological nanopores are not without drawbacks.
One of these is the already mentioned relative lack of freedom in modifying their
geometry. Another disadvantage is the relatively restricted set of changes that can

be made in their electrochemical environment. Changes to the temperature, pH,



salt concentration and voltage can all affect the pore’s behavior and the membrane’s

structural integrity.

2.2.2 Solid-state nanopores

As discussed in Section 2.2.1, the lack of precise control over the geometry of the
nanopores and the desire to improve their robustness led researchers to explore alter-
native ways of creating these nanopores. Solid-state materials such as silicon nitride
and silicon oxide proved to be a straightforward choice because of the direct transla-
tion of microfabrication techniques that had been developed over the past few decades

in the electronics industry.

Fabrication techniques

The first demonstration of true nanometer-scale control over the fabrication of solid-
state nanopores was in 2001 [29]. A focused ion beam was used to sculpt the pore
as it was being created with an ion detector being used in a feedback loop to control
the size of the pore. In 2003, the transmission electron microscope (TEM) was used
for the first time to fabricate a nanopore [30, 31]. The advantage of this technique
was that the nanopore could be observed immediately after it had been created using
the same tool. The TEM drilling technique quickly became the predominant way
to fabricate nanopores [32]. Its inability to scale as the number of nanopores to be
fabricated increases remains the only major drawback of this technique.

2014 saw the introduction of yet another technique to fabricate nanopores termed
“Controlled Dielectric Breakdown” (CDB) [33-35]. In this technique, an electric field
is applied across an impervious dielectric membrane suspended in a salt solution. As
the strength of the applied field increases, inherent defect sites in the membrane mate-
rial allow for tunneling currents to start flowing, which erodes the dielectric material

in the current path and leads to the creation of a nanopore. For thin membranes,



a pulsed voltage may need to be applied instead of a constant voltage in order to
achieve precise control [36]. Alternatively, a current source may be employed instead
of a voltage source to create the pore [37]. CDB offers a compelling alternative to
conventional techniques because it removes the need for expensive equipment such as
the TEM and can, in theory, be tried by anyone who has access to a voltage source
and a sensitive ammeter.

While these techniques typically form nanopores that have symmetric shapes
[33, 38|, conical nanopores are also common [39-41]. These are usually formed when
the nanopores are created using track-etching techniques or using laser-pulled glass
nanopipettes. The asymmetrical geometry of these pores lends them interesting trans-

port properties [42].

Materials

A great strength of solid-state nanopores is the ability to change the dielectric ma-
terial that contains the pore. Early work focused on using silicon nitride and silicon
oxide since these were the materials most compatible with existing semiconductor
fabrication processes [29, 30]. Since then, other metal oxides such as aluminum oxide
(Al,O3) [43, 44] and hafnium oxide (HfOy) [45, 46] have been explored. It is also
possible to coat nanopores made in other dielectrics with other organic [47, 48] and
inorganic materials [49] in order to change the functional properties of the nanopore
channel itself.

As the nanopore is made thinner, it passes more current in its open state for a
given voltage, since the same voltage is applied over a smaller ionic resistance. This, in
turn, translates to larger signal levels in single-molecule experiments. An equivalent
way of interpreting this is that, for the same diameter, a thinner nanopore is spatially
more sensitive than a thicker pore. As a result, decreasing the nanopore’s thickness
is of significant interest. Silicon nitride can be thinned using a scanning transmission

electron microscope (STEM) down to the theoretical limit of amorphous silicon [50].
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This sputtering technique removes nitrogen atoms faster than silicon atoms due to
the higher sputtering rate of nitrogen [51]. The eventual thickness of the amorphous
silicon is approximately 1nm. An example of nanopores drilled using this technique

is shown in Figure 2.2.

1.7 n 2.0 nm 2.5 nm

Figure 2.2: Nanopores of several different diameters drilled in thinned silicon nitride
membranes

Two dimensional (2D) materials represent the absolute physical limit in terms of
how thin nanopores can physically become [6]. Over the last few years, a variety of
2D materials such as graphene [7, 52|, hexagonal boron nitride (h-BN) [53], metal
dichalcogenides such as molybdenum disulfide (MoSs) [54, 55] and tungsten disulfide
(WS2) [56] have been used to fabricate nanopores. The lattice nature of these mate-
rials has been exploited to demonstrate atomic control over the size of the fabricated

nanopores [53].

2.2.3 Applications

Within the category of single-molecule experiments, the nanopore has proven to be
an extremely versatile sensor capable of interrogating a range of different properties

of the translocating molecule [57]. A few examples of such applications follow:
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Nucleic acid detection

DNA translocation is, perhaps, the single most common type of nanopore experiments
until now [58]. Starting with early experiments with biological nanopores [14, 15],
recent experiments have shown detection of both single-stranded and double-stranded
DNA [17, 38, 48, 59-63]. Oxford Nanopores now sells a product that can be plugged
into a USB drive and sequence DNA using biological nanopores [24]. While solid-
state nanopores have not reached this point yet, homopolymer differentiation 38, 64]
as well as individual nucleotide discrimination [54] have been shown. Beyond mere
nucleic acid detection, nanopores have also been used to detect methylation of specific

sites [13, 17, 55, 65-67].

Protein detection

Along the lines of the idea of nucleic acid detection, nanopores have also been used
to detect many different aspects of proteins, with the ultimate goal being to sequence
proteins [68]. Conformational and structural changes in proteins have been investi-
gated [69-72]. Specific proteins and their concentrations can be detected accurately
when combined with DNA carriers [62, 73, 74]. Despite these advances, studies have
shown that most protein translocations are fast [45] and beyond the measurement

limit of commercial instruments [75].

Force spectroscopy

Since the constriction of the nanopore sets the upper limit on the diameter of a
molecule that is allowed to translocate, a large adapter attached to a smaller molecule
can allow for trapping of the molecule. Varying the voltage applied on this trapped
molecule can then change the effective force experienced by the molecule in the pore
and allow for characterizing molecular forces. The large molecule referred to here

could just be secondary structures within the same molecule [76]. Other variations of
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this experiment include the use of optical tweezers to measure the force experienced
by the molecule [77]. Double-stranded DNA can also be used for such experiments

by taking advantage of the DNA unzipping as it passes through the pore [78-80].

2.3 Signal and noise in nanopore recordings

The aim of any measurement is to record the signal with as high fidelity as is physically
possible. For the kinds of measurements discussed here, the signal can be described to
be a change in the measured current. Invariably, noise contaminates every recording
so that the signal is rarely ever as clean as that shown in Figure 2.1. Depending on
the exact nature of the signal and the noise, noise may sometimes appear to be like
the signal itself. In general, any unwanted addition to the signal may be considered
to be noise.

Electromagnetic interference (EMI) is a special class of noise that is most com-
monly manifested as line noise at 60 Hz (or 50 Hz depending on the geographical
location where the experiment is performed) coupling into the measurement setup.
EMI can also be caused by fast switching digital logic that might be near the front-
end amplifier. Depending on the strength of the coupling, EMI can be large enough
to saturate the front-end amplifier circuitry. While it is possible to use notch filters to
reduce the effect of EMI, following the old adage of “Prevention is better than cure”
is greatly preferable. Through proper grounding and shielding techniques, EMI can
be reduced to arbitrarily low levels.

An arbitrary measurement y(t) can, in general, be decomposed into the signal
component z(t) and the noise component n(t). These quantites are related by the

equation:

y(t) = x(t) + n(t) (2.1)
Certain assumptions are typically made about the nature of n(t). Primary among
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these is that the instantaneous amplitude of n(¢) is normally distributed with mean
0 and standard deviation o. Noise cannot be deterministically predicted in the time
domain. Depending on the nature of the noise, it may or may not be correlated with
itself in time. However, another important assumption we make about noise is that it
is a wide sense stationary (WSS) process. Further, we assume that its power spectral
density (PSD) remains well-defined and constant as a function of time. The PSDs of

y(t), x(t) and n(t) are related in a similar manner as Equation 2.1

Sy(f) = Sz(f) + Sn(f) (2.2)

The standard deviation of the noise process o can be obtained using the following

equation:

T—o00

T
1
o= lim T/nQ(t)dt (2.3)
0

n(t) can be observed through y(t) if x(f) = 0. Through Parseval’s theorem, o is

also related to S, (f) (assuming one-sided PSD) by the equation

o= | [ Sut)dr (2.4)

Practically, the limits of the integral in Equation 2.4 are determined by the mea-
surement bandwidth of the system. The lower limit is usually constrained by the
duration of the recording whereas the upper limit is determined by the measurement
circuitry. Since the duration of the recording can be made arbitrarily long, we can

rewrite Equation 2.4 as
B
o= | [ Sl (2.5)
0

2.3.1 Nanopore recordings

In a typical nanopore single-molecule experiment, the membrane containing the

nanopore is suspended in a solution containing electrolytes. A voltage bias is then
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applied across this membrane in order to induce an ionic current flow through the
nanopore. The molecule of interest is then added to the appropriate chamber. The
focus in this work will primarily be on DNA molecules. Since DNA is negatively
charged at pH 8, it is added to the chamber connected to the lower potential. As
the DNA molecule diffuses and arrives near the nanopore, it gets electrophoretically
pulled through the pore. This causes a transient block in the ionic current and gen-
erates the signal of interest.

Let I(t) denote the measured current, Ipgseiine(t) denote the baseline current, I(t)
denote the signal component and I,,(t) represent the noise component. Similar to

Equation 2.1, we can write the following equation:
I(t) = Tpasetine(t) + Ls(t) + L, (¢) (2.6)

When this equation is applied to Figure 2.1, Ipgseiine = Lopen and Iy is a sequence

of negative-going pulses of amplitude Al = Iopen, — Lbiocked-

2.3.2 Signal-to-noise ratio

SNR is a metric used to represent the relative magnitudes of signal and noise. De-
pending on the field, it may either use signal and noise powers or signal and noise
amplitudes. For example, in fields where information is frequency limited (such as in

communications), SNR is commonly expressed as

2
SNR = 2
Trms
AT
= 20log,, ( > dB
Irns

where Igprs denotes the root-mean-squared (RMS) value of the noise and is equal to
the standard deviation of the noise process when the mean is 0.
With the assumptions about the nature of the signal made in Section 2.3.1, it is

more informative to express the SNR in terms of the amplitudes instead of the powers.
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This is also consistent with the established practice in the field of electrophysiology
[5].

Al

SNR =
Irms

(2.7)

Increasing the measurement bandwidth B increases Irys through Equation 2.5.
Since noise is a stochastic process with a normal amplitude distribution in the time
domain, the exact amplitude of noise at any given point in time is unbounded. How-
ever, given the normal distribution and a minimum SNR, it can be shown that the
average rate of false events detected by a simple thresholding algorithm for such a

noise process is given by [5]
)\f _ kBe—O.BXSNRme (28)

where k is a value that depends on the spectral characteristics of the noise source and
the filtering scheme, SNR,,;;, is the ratio of the threshold used for calling an event to
Ignrs, and B is the measurement bandwidth. For a Gaussian filter, k£ ranges between
0.849 and 1.25 and is typically around 1 [5]. Table 2.1 lists the expected false rates
for some bandwidths and SNR,,;, values used in the experiments described in this

thesis.

[ Bandwidth (MHz) | SNRyun | Af (1) |

0.5 8 7.92 x 107
1 6 0.02
2.5 6 0.048
) 6 0.095
10 6 0.19

Table 2.1: Average false rate values for different bandwidths and SNRs

As B is increased, it becomes necessary to increase SNR,,;, in order to limit the
average false event rate. For example, with B = 5 MHz and SNR,,;, = 6, there is,
on average, a false event every 10s. If SNR,;, is reduced to 5 instead, this increases

to once every 40 ms. Increasing the available SNR of the measurement allows for the
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use of larger values of SNR,;;,. This can be achieved either by increasing the signal

strength itself or by decreasing the noise levels in the measurement.

2.3.3 Modeling signals

The typical signal in a single-molecule experiment performed using nanopores is a
pulse-like current waveform. There are two parameters related to the pulse that need

to be considered, the amplitude and the duration.

Signal amplitude

Consider a cylindrical nanopore with diameter d and thickness ¢ suspended in an

electrolyte with resistivity p. The resistance of the nanopore can be expressed as

[81]):

Rooe =05+ 3) (2.9)
where the first term in the product represents the contribution of the cylindrical
portion of the nanopore and the second term represents the two-sided access resistance
of the pore [82]. The access resistance starts becoming a significant contributor to
the total resistance when t/d ~ /4 which is the case for some of the nanopores
tested in this work. It is also common to replace t by t.g since nanopores formed by
TEM drilling often have an hourglass shape and the effective thickness that fits the

measured resistance is lower than the actual membrane thickness [38, 81, 83, 84].

The conductance of the nanopore is the inverse of its resistance:

1
Rpore

TR
Cop\nd?  d

For a bias voltage V;;,s applied across the membrane, the baseline current through

Gpore =
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the nanopore is then given by

Ibasel'me - [open = ‘/biastore

‘/bias 4t 1 !
= P (71'd2+d> (2.10)

When a molecule such as DNA is present in the nanopore, the effective diameter

of the nanopore is modified to
d =\/d?> — dixa (2.11)

where dpna is the diameter of the DNA molecule and is approximately 1.2nm for
ssDNA and 2.2nm for dsDNA. The current through the nanopore in the presence of

DNA can then be written as

Viias 4t 1\ 7!
Thiocked = bp ( + ) (2.12)

rd? " d
From Equations 2.10 and 2.12, we can obtain an expression for the amplitude of

the current blockade as

Al = Iopen - [blocked

%ias 4teff 1 -1 4teff 1 -1
") ((TFCZQ * d) a <7rd’2 + d’) (2.13)
_ W‘/bias d2 - d/2 (2 14)
o Ateg +7d  Ateg + 7d' '

Equation 2.14 offers the following insights:

Increasing V};,, increases Al It should be noted that an increase in the bias volt-
age also increases the capture rate but simultaneously decreases the translo-
cation time due to the larger electric field experienced by the DNA molecule

during translocation [61].

Using a solution with lower p increases Al The solution used in these experi-
ments is typically aqueous, although some work has been dedicated to looking at
ionic and organic liquids [54, 85]. Typically, there is also an inverse relationship

between the conductivity of the solution and the translocation time.
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Decreasing d increases AI While this might seem counterintuitive at first, de-
creasing the diameter can increase AI. This continues until the limit where
d ~ dpnya which is the minimum diameter required to be able to translocate
DNA. In this situation, AI is maximized and can be nearly as large as Iopen.

At the other extreme, when d > dpya, teg, Al has an inverse relationship with

d.

Decreasing t.g increases Al In the limit where t.g — 0 and d — dpya, Al is
maximized. As a result, 2D materials are of particular interest for single-
molecule experiments involving nanopores [6, 32]. Decreasing t.g is important
for another, more subtle reason. The entire channel constitutes the sensing re-
gion of a nanopore. The thinner the channel becomes, the higher its spatial res-
olution. For example, the spacing between nucleotides in DNA is approximately
0.34nm. A 10nm thick nanopore would have ~ 30 nucleotides contributing to
the signal current at the same time whereas only 3 nucleotides would contribute
to the signal current if the nanopore were only 1 nm thick. However, a thinner
pore also results in a larger electric field for the same bias voltage, which leads
to shorter event durations. Simulation studies suggest that the optimal t.g for
nucleotide sensing might not be that of the absolute thinnest nanopore that can

be fabricated [86].

Signal duration

The duration of the pulse-like translocation event is determined by the amount of time
the molecule spends in the nanopore. For nanopores with thicknesses < 10nm, the
characteristic diffusion time is < 500 ns [57]. As a result, most such events should have
been invisible at the kHz bandwidths afforded by off-the-shelf amplifiers. However,
translocation time is heavily governed by interactions between the molecule and the

pore walls [61, 87]. The translocation velocity profile is also non-linear over the
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course of the molecule’s stay in the nanopore [76, 88, 89]. Further, DNA is known
to translocate orders of magnitude faster through solid-state nanopores than through
biological nanopores of comparable dimensions [90]. As a result, significant effort
has been directed toward altering the surface chemistry of nanopores in order to
increase translocation time. This includes the use of both organic [47, 91-93] as well
as inorganic coatings [43, 44] over the pore surface.

An alternative strategy has been used successfully with biological nanopores in
order to control DNA translocation. A polymerase enzyme is incorporated directly
on top of the nanopore so that it traps the DNA molecule before it enters the pore.
The DNA is then “ratcheted” through the pore one base at a time at speeds of the
order of a few bases per ms [94]. A superimposed triangle wave on the bias voltage
then allows for stretching and compressing the DNA that is in the nanopore [78].

When a voltage bias is applied across the nanopore membrane, it establishes an
electrical gradient in the nanopore channel. A non-electrical gradient in the opposite
direction could thus be used to potentially slow down translocation. Alternatively, a
gradient in the same direction as the field can increase Al without affecting transloca-
tion times. This has been successfully exploited by using chemical [95], temperature
[61, 63, 96], and viscosity [54, 97, 98] gradients.

KCl is the most commonly used electrolyte in nanopore experiments because of
its high conductivity. However, there usually is a trade-off between the conductivity
of the electrolyte and the corresponding translocation times [99]. LiCl is a promising
alternative and has been reported to slow down DNA translocation without signifi-
cantly altering the conductance [100]. Other organic salts and ionic liquids have also
been investigated [54, 98] albeit the conductance values in these cases are invariably

lower than that when KCI is used.
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2.3.4 Modeling noise

Consider the simplified measurement setup for a nanopore sensor using an opera-
tional amplifier (opamp) as shown in Figure 2.3. Instrumentation amplifiers used for
recording nanopore signals are typically linear systems. Thus, the input current /()

is related to the output voltage V' (¢) in the frequency domain as

VI(f)=I(/)H(f) (2.15)

where V(f) and I(f) are the Fourier transform representations of V(t) and I(t)
respectively. Thus, a measured output voltage can be referred back to the input as a
measured current if H(f) is known. While not required, H(f) is usually designed to
be constant as a function of frequency in the bandwidth of interest. Note that here

H(f) has units of ohms, and hence, such an amplifier is known as a transimpedance

amplifier (TTA).

Rr

_Nanopore
N
\—J

I

|

@)
AV

Py

+

Figure 2.3: Simplified nanopore measurement setup

Recall from Equation 2.6 that I(t) is composed of both the signal of interest
and added noise. The noise here reflects the cumulative effect of all the possible
noise sources in the system referred to the input. Since different systems can have

different gains (|H(f)]), it is customary to refer the noise to the input to enable fair
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comparisons between systems. Such “input-referred noise” is also useful in order to
determine how much signal strength will be required from the sensor for a given noise
specification.

Given an output noise vy, o,¢(t) and its corresponding PSD S, ou:(f), we can express

the PSD of the input-referred noise S,,(f) as

Sn(f) = m (2.16)

This expression is helpful because it is the output-referred noise that is often the
easiest to measure. Further, it is common for systems to have multiple noise sources
injecting noise at different nodes. Each of these noise sources will have a different
effective contribution to the output noise depending on the transfer function from
the point of injection of the noise to the output. At every node in a system, the
noise sources at that node sum in power if one makes the assumption that these noise
sources are uncorrelated in nature. In general, for a system containing N nodes with
N such noise sources with PSDs given by X;(f) and transfer functions H;(f) from
node 7 to the output, the following equation holds

N
Snout(f) = ZlXi(fNHiQ(f)‘ (2.17)
i—

Note that no constraints have been placed on the dimensions of X;(f) and H;(f).
Thus, voltage noise sources at certain nodes of a current-measurement setup will
also contribute to the total noise and be referred back to the input as a current noise
through Equation 2.16. Indeed, many noise sources with different origins are common
in nanopore recordings [101].

Note that any noise sources that add directly at the input (such as EMI, poten-
tially) have the same transfer function to the output as the signal itself. Thus, it
becomes critical to particularly reduce the noise PSDs of sources that inject noise at
the input. Further, if the system is designed in such a way that the first stage has

enough amplification, noise added at subsequent stages has less of an impact since
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the gain to the output from these stages is lower. This is a direct consequence of
Friis’ equation which is well known in the electrical engineering community.
On the basis of their spectral properties, the noise sources common in nanopore

recordings can be divided into several categories [101-104].

1/f noise

This noise type is dominant at low frequencies and is commonly seen with o = 1,
although other values for « are also possible. The special case of & = 1 is commonly
referred to as flicker noise. While the exact physical origins of flicker noise are un-
known, it has been observed in a variety of systems [105]. In modern semiconductor
processes, it is believed that charge traps at the oxide-silicon interface give rise to
flicker noise [106]. Although surface charge fluctuations and nanobubbles [107] have
been considered to be a potential flicker noise mechanism in solid-state nanopores,
it has been found that flicker noise follows the Hooge phenomenological relationship
better [104]. In this sense, the flicker noise mechanism in nanopores seems to be differ-
ent from that in transistors in modern fabrication processes. The Hooge relationship

is expressed as follows:

af I2ase ine
Sn,flicker,pore(f) = N % (218)

where ag is the Hooge fitting parameter and N, is the number of charge carriers in
the nanopore. Thus, as the baseline current increases, the flicker noise contribution
of the nanopore also increases. It has been found that treating a solid-state nanopore
before experiments can help with reducing the overall flicker noise level [108].

There are two other important sources of flicker noise that need to be considered.
First, the amplifier itself will introduce flicker noise into the measurement although
this reduced through appropriate design choices. Second, the electrode-electrolyte

interface is also capable of adding flicker noise [109]. Including these gives the ex-
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pression for the total flicker noise as

Sn,flick:er(f) = Sn,flicker,pore(f) + Sn,flicker,amplifier(f) + Sn,flicker,elect’rode(f)
_ Kflicker

f

It is worth noting that flicker noise power as given by the previous equation tends

(2.19)

to infinity as the frequency tends to zero. Practical measurements cannot be infinitely
long and impose a lower limit on the frequency that is larger than zero just by virtue
of the recording length being finite.

We can calculate the RMS value of the noise from a flicker noise source as

f2

IrMS, flicker = / Sh, flickerdf
f1
f2

K icker

_ / Lf ke g

f
= Kflicke’r In <fQ> (220)
fi

Thus, the power of the noise injected by a flicker noise source increases by the

same amount for every extra decade of bandwidth.

White noise

The PSD for a white noise source remains constant as a function of frequency. This
arises because the autocorrelation of the output of a white noise source in the time
domain is a delta function. In other words, every time instant of white noise is
uncorrelated with every other time instant.

Thermal noise generated by resistors, also known as Johnson-Nyquist noise [106],
is an example of a white noise source and is a consequence of the fluctuation-

dissipation theorem. The current noise generated by a resistor is given by the equation

4kgT
Sn,white,resistor = g (221)
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where kp is Boltzmann’s constant and R is the value of the resistance. Since a
nanopore is a physical ionic resistor, it generates a proportional current noise. The
feedback resistance Rp of the TIA, if implemented using an actual resistor, and
the charge-transfer resistance R.; at the electrode-electrolyte interface used for the
recordings also generate their equivalent current noise.

Transistors also generate white noise. For a transistor with transconductance g,,,

its output current noise is given by

Sn,white,transistor = 4kBT79m (222)

where « is a factor that depends on the region of operation, and is 2/3 when the
transistor is in saturation. The previous equation when divided on both sides by g2,
gives the equivalent voltage noise at the gate of the transistor. This transformation is
useful because the noise performance of opamps, which form the basic building block
of TIAs, is frequently described by their input-referred voltage noise PSD.

Shot noise is yet another noise source that is spectrally white. It is a consequence
of the quantized nature of charge and occurs whenever the number of charge carriers is
low enough that Poisson statistics govern overall transport. Shot noise is common in
semiconductor junctions such as those found in diodes or diode-connected transistors,
and becomes relevant particularly when the current levels are low. Theory suggests
that ion channels may also exhibit shot noise [110]. The expression for shot noise is

given by
Sn,white,shot = 2q]DC (223)

where Ipc is the steady-state current flowing through the device and ¢ is the elemen-
tary charge.

Finally, solid-state nanopores exhibit yet another white noise source attributed
to surface charge fluctuations [111]. The exact amount of current noise due to this
source depends on several factors such as lp,seiine, the electrolyte concentration and

the pH of the solution. Interestingly, the dependence on Ilpyserine is quadratic.
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In general, the total white noise can be expressed as
Sn,white = Kwhite (224)

where Knie is the sum of all the white noise sources of concern. The RMS value of

such a noise source then becomes

I3
[RMS,white = / Sn,whitedf
fa

f3
- / Kwhitedf
f2

=/ Kunite(fs — f2) (2.25)

Compared to flicker noise, the RMS value of a white noise source grows faster still

when the bandwidth is increased.

f noise

The primary cause of noise PSD with a linear dependence on the frequency has been
attributed to losses in the membrane dielectric of the nanopore [103]. In general,
this can be expanded to all capacitances present at the input of the TIA, of which
the membrane capacitance is usually the dominant contributor. For a capacitor with

capacitance C' and a loss tangent tan d, the voltage noise is given by [112]
Sh, f.capacitor = STkpT fC tan ¢ (2.26)

From Equation 2.16, we note that flicker noise can also transform to appear as f
noise if H(f) oc 1/f, as is the case for a capacitor. Thus, the flicker noise of the TIA
can appear in the input-referred noise PSD as f noise too.

In general, the total f noise can be expressed as
Snj = Ky f (2.27)
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where K is the appropriate scaling factor to account for all the f noise contributors.

The RMS value of such a noise source then becomes

fa
Ipns,s = /Sn,fdf
f3

= fofdf
fs

-

f? noise

There is no physical noise source in a standard nanopore measurement setup that
adds f? noise directly. However, there are two noise sources whose transfer functions
transform them into a noise source with an f? dependence on frequency. These are
the thermal voltage noise generated by R and the TIA [59, 101]. Consider the input-
referred noise source of the TIA (v,) shown in Figure 2.3. The equivalent current

noise PSD generated by this source at high frequencies is
Sy p2rra = AT*02C f? (2.29)

C in the equation above can be replaced by Y C; to include all the parasitic

capacitances at the amplifier’s input. This usually includes the following:
® Cpore - the pore’s membrane capacitance

e (' - the wiring capacitance associated with the connection between the pore

and the amplifier.
e (7 - the amplifier’s input capacitance
e (' - the capacitance in the TIA feedback network
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The combined effect of all these parasitic capacitances is to modify the previous

equation into

Sugeria = 4r%02 (3 2

= 47?21)2(01907»6 + CW + C] + CF)2f2 (230)
In general, the total f2 noise can be expressed as
Sy g2 = Ky f? (2.31)

where K2 is the appropriate scaling factor to account for the dominant f? noise

sources. The RMS value of this source then becomes

fs
Trars.p = / Sy p2dlf
fa

fs
- / K jo f2df
fa
Kp(ff = fD)

3

3
~ \/Kf§f5 if f3 > f3 (2.32)

Of all the noise sources, the RMS value of an f? noise source rises fastest with

frequency. It is the noise source that invariably dominates high frequency noise and

is the limiting factor for further extending measurement bandwidths.

2.3.5 SNR-constrained bandwidth

The net current noise as a function of all the noise sources discussed in the previous

section can be expressed as

Sn(f) = Sn,flicker(f) + Sn,white(f) + Sn,f(f) + Sn,fQ(f) (233)
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This results in a classic bathtub shaped curve when the input-referred current
noise PSD is plotted against frequency on a log-log scale and is illustrated in Fig-
ure 2.4. Note that since all of these sources are assumed to be uncorrelated to each
other, their powers add up. Thus, beyond a certain frequency, the flicker noise, for
example, does not disappear, but merely becomes lower in power compared to the

white noise such that the white noise ends up determining S, (f) at that frequency.
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Figure 2.4: Typical nanopore input-referred noise PSD

If the conditions are appropriate to operate in the capacitance dominated noise
regime, then the maximum achievable bandwidth B,,,, for a given SNR,,;, can be
written using Equations 2.7 and 2.30 as

AT
SNRiuin
U 2mu ) C;B32,
- V3

-.Bm=< VAL )2/3 (2.34)

Irpms =

27TUnSNRmin Z CZ

For a given SNR,,,;,, there are three ways in which B,,,, can be increased:

Increase AI This has been discussed in Section 2.3.3.

Decrease v, This can be achieved through careful design of the amplifier and will

be discussed in the following sections.
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Decrease >C; This can be achieved in several ways and will be discussed in the

following sections.

2.4 Intracellular recordings

Cells are the basic unit of life. They form the base of the hierarchy consisting of
tissues, organs, organ systems and organisms, in that order. Thus, understanding
the functioning of the cell itself is crucial to understanding the functioning of the
upper levels of the hierarchy.

We know now that the cell consists of an impermeable membrane that interacts
with the environment around it through ion channels. These channels are responsible
for regulating the relative concentrations of ions inside the cell by virtue of their ion
selectivity and gating behavior. These ionic fluxes regulate key cellular functions such
as muscle contraction, hormone and neurotransmitter release and growth and death
of the cells themselves [4, 5].

This information on ion channels and the critical role they play in cellular function-
ing was found out through recordings made using the patch-clamp technique. Patch-
clamping was developed by Erwin Neher and Bert Sakmann in the late 1970s and
early 1980s for which they were awarded the Nobel Prize in Physiology or Medicine
in 1991. Despite the several decades that have passed since then, it is still consid-
ered the gold standard for intracellular recordings - a testament to the simplicity and
elegance of the technique itself.

While it was originally developed to study single ion channels [113], the technique
has since been adapted into a variety of different configurations for different kinds of
experiments. One such configuration is the so-called “whole-cell” patch-clamp which
has enabled studies of intracellular electrochemistry [114].

Although the focus here is on single-electrode patch-clamping, other techniques

such as two-electrode voltage-clamping [115], discontinuous single-electrode voltage-
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clamp [116] and active electrode compensation have also been explored [117, 118].

2.4.1 Configurations

A typical patch-clamp setup consists of a glass micropipette pulled to diameters of
a few pm or lower mounted on a micromanipulator and connected to an amplifier.
The pipette is then lowered into a bath containing the cell of interest. The major
configurations of the patch-clamp setup are discussed here but several other variations

such as the perforated patch and loose patch also exist.

Cell-attached

As the pipette approaches the cell membrane, application of suction pulls the mem-
brane into the pipette forming the so-called “gigaseal” where the leak resistance from
the interior of the pipette to the bath becomes in excess of 1 G{). This is known as
the cell-attached configuration and is the precursor to all the other configurations
discussed here. Obtaining the gigaseal is crucial to achieving low-noise recordings
because it isolates the ion channel activity from the potentially large background
currents [119]. This configuration is used to study currents through ion channels in

the patched region of the membrane.

Inside-out

Once the gigaseal is formed, retracting the pipette can tear off the patch of membrane
that has been sucked into the pipette without losing the gigaseal. This now exposes
the “inside” part of this patch of membrane to the outside, i.e., the bath. Hence,
this is known as the “inside-out” configuration. The bath solution can be changed
to study the dependence of the behavior of ion channels in the excised patch on the

cytosolic environment.
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Whole-cell

If instead of retracting the pipette, additional suction or a voltage pulse is applied
in the cell-attached configuration, the membrane can be ruptured allowing for access
to the internal chemical environment of the cell. This is known as the “whole-cell”
configuration. This can be used to study ensemble ion channel response to a particular

electrochemical stimulus applied to the cell.

Outside-out

Retracting the pipette after achieving the whole-cell configuration can cause resealing
of both the cell membrane and the excised patch. However, now the “outside” part of
the excised patch is exposed to the bath giving rise to the name “outside-out”. This
configuration can be hard to achieve but is useful for studying ion channel activity

for changes in the extracellular medium.

2.4.2 Measurement modes

There are two primary electrical parameters of interest in patch-clamp recordings
depending on the configuration. These are the current flowing through the ion chan-
nels and the intracellular potential with respect to that of the surrounding bath.

Consequently, there are two primary measurement modes.

Current-clamp

In this mode, the current through the pipette and, by extension, the membrane patch
or the entire cell membrane, depending on the configuration, is held constant and
the pipette’s voltage is measured. In the whole-cell configuration, this corresponds
directly to the intracellular voltage. A special case is when the current is held fixed at

zero, and is called the I = 0 current-clamp. By varying the magnitude and duration
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of the current injected into the cell, the cellular response to a current stimulus can

be obtained.

Voltage-clamp

In this mode, the voltage inside the pipette is held fixed and the current through the
pipette is measured. Depending on the configuration, this could either be the current
through a single ion channel or through all the ion channels in the cell membrane. As
in the case with the current-clamp, the voltage can be stepped to either hyperpolarize
or depolarize the cell in order to trigger voltage-gated ion channel activity. Note that
as per this description, the measurement is exactly identical to that obtained while

measuring currents through nanopores as described in Section 2.2.

2.4.3 Modeling the interface
Modeling the cell

In the simplest case, the cell membrane can be thought of as a resistor R, in parallel
with a capacitor C'j;. In the absence of any ion channels, R), is usually fairly large
and C)y is determined by the area and the specific capacitance of the cell membrane
which is known to be &~ 1pF/cm?, and is between 0.3 and 0.8 pF/cm? for lipids
commonly used for forming bilayers [120].

The ion channels themselves typically have a voltage response associated with
them. A simple equivalent circuit for a potassium selective ion channel is shown in
Figure 2.5 [4]. Ry is not shown here because ion channel conductances generally
dominate the low conductance offered by the membrane itself. In general, the con-
ductance of the ion channel is governed by several different electrical and chemical
factors. Depending on the channel, the associated “reversal potential” (shown here

by E) could be either positive or negative.
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Figure 2.5: Equivalent electrical circuit for a single ion channel

Another important metric of interest is the “resting membrane potential” (RMP).
The cytosol in a cell consists of many different kinds of ions such as Ca?*, K+, Na*t
and CI'. These ions also exist in the bath solution that the cell is in, although not
necessarily at the same concentration. In fact, there exist ion pumps in the cell
membrane that act to regulate the concentration gradient of a particular ion. In
equilibrium, each of these ions has an associated Nernst potential that contributes to
the net electrochemical potential inside the cell which is known as the RMP. The RMP
of a cell can be measured in current-clamp mode with no current passing through the
pipette.

Consider the equivalent circuit of a cell membrane containing sodium, potassium
and leak channels and its simplified representation shown in Figure 2.6. It is clear
that the contribution of the various reversal potentials to the RMP depends on the
respective conductances, which is governed by the number of corresponding ion chan-
nels in the membrane that are open at rest. All excitable cells have a negative RMP
since the proportion of ion channels that are selective to ions with a negative rever-
sal potential is usually higher than those selective to ions with a positive reversal

potential [4].
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Figure 2.6: Equivalent electrical circuit for a cell

Modeling the pipette

The pipette used in patch-clamp experiments is a glass capillary pulled to diameters
of a few pm as is the case with patch pipettes, and 10’s to 100’s of nm as is the
case with nanopipettes. The pipette is filled with an appropriate solution containing
electrolytes with an electrode immersed in the solution providing a (usually) Faradaic
interface. The pipette is commonly made out of borosilicate glass or quartz.

The physical geometry of the pipette lends it two important parameters of interest
e The series resistance of the pipette Rg
e The parasitic capacitance to the bath C,

The series resistance is a result of the tapering down of the capillary to small
diameters and because the filling solution has finite conductivity. It is common for
Rg to be a few M(Q for patch pipettes and can be as large as a few hundred M2
for nanopipettes. As the pipette diameter is increased, Rg decreases but it becomes

difficult to achieve gigaseals and target small structures. On the other hand, decreas-
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ing diameters afford the ability to investigate smaller structures but at the cost of
increased Rg.

A related resistance is the access resistance which seeks to increase Rg once the
cell has been patched. The access resistance arises because while the bath acts like an
infinite reservoir, the cell does not. Further, the cytosol in the cell is not as conductive
as the bath in typical measurements. In whole cell recordings, part of the cytosol
mixes with the filling solution in the pipette at the tip and serves to decrease the
local conducitivity.

Once the cell has been patched, there is yet another resistance of interest. This
is the seal resistance from the pipette to the bath R,.,. As discussed previously, the
formation of a gigaseal implies R .o > 1 GS2, but measurements are still possible even
when this is not the case. Depending on the value of R,.,, these are referred to as
the “loose-seal” or the “tight-seal” configurations.

The capacitance to the bath is due to the glass acting as a dielectric between
two conductive solutions. Since the glass is usually significantly thicker than the
Debye length at the electrolyte concentrations of interest, the capacitance is primarily
governed by the geometry of the pipette and the extent to which the pipette is lowered
into the bath. Coating the tip of the pipette with Sylgard is also known to decrease
C, by locally increasing the dielectric thickness [5]. C, is normally of the order of a
few pF and can be reduced by decreasing the height of the pipette immersed into the
solution. This is also desirable for reducing movements in the pipette tip.

Although Rg and C,, are distributed entities, it is easier from a design perspective
to treat them as lumped elements. This approximation is commonly used and holds
up well when compared to the distributed model. Figure 2.7 shows the equivalent

electrical circuit approximation of a cell combined with a pipette.
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Figure 2.7: Combined equivalent circuit of a cell and pipette

2.4.4 Need for compensation

In the ideal scenario, Ry is arbitrarily large whereas Rg and C), both tend to zero.
Practically, however, it is only R,., that can be made close to the ideal case by
achieving a gigaseal. The impact of the residual R, is negligible once the gigaseal
has been achieved.

On the other hand, Rs and C), are both finite and non-zero and their impact
on the intracellular measurement must be evaluated for both current- and voltage-
clamp modes. The input signal to be measured can be modeled as a voltage source
in parallel with C; in current-clamp and a current source in the same position in

voltage-clamp.

Parasitic capacitance

In current-clamp, C, serves to create an R-C filter along with Rg and attenuate the
high frequency content of the input signal. Considering nominal values of Rg and C,,

as 10 M2 and 5 pF, the low-pass filter formed by the R-C pair has a cutoff frequency
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of 1/(2rRsC,) ~ 3kHz. Further, a large value of C, requires a proportionally large
amount of charge to change its voltage, such as one that might occur when the
intracellular potential changes showing cell activity. Since this charge needs to be
provided by the cell and given the cell’s finite volume, this might serve to change
the internal concentrations of ions within the cell thereby affecting the validity of the
measurement.

In voltage-clamp, as the voltage in the pipette is stepped up and down, C), injects
large spikes of current as the voltage across it is instantaneously changed. This can
obscure any small signal currents that might be present at the onset of the voltage
step. Another problem caused by residual C, is in loop stability. TIAs are commonly
used as voltage-clamp front-end amplifiers and can be destabilized by large capacitors

present at their inputs.

Series resistance

As discussed previously, Rg in current-clamp acts in conjunction with C), to filter the
input signal and suppress its high frequency content. Further, if a non-zero current
is applied through the pipette, it creates a proportional voltage drop across Rg and
leads to a difference between the true and measured membrane voltages. In general,
any leakage current flowing through Rg will cause such a voltage drop and needs to
be compensated for.

The effect of Rg in a voltage-clamp recording manifests in three primary ways

[121]:

Filtered V3, When a step change is applied at the pipette voltage V},, the voltage
that appears at V), is filtered through the R-C filter formed by Rg and C),.
Thus, the voltage change experienced by the cell will be slower than the desired
step. This may lead to measurements that do not accurately reflect the cell’s

response to a step change in V.
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Voltage offset Any bias or signal currents flowing through Rg will cause a corre-
sponding voltage drop as in the current-clamp case. However, since the pipette
voltage is held constant by the TIA, this will cause the intracellular voltage to

change thus defeating the original intention of clamping it.

Signal current filtering Any desired signal of interest also sees the filtering due
to Rg and C);. For large enough signal currents, transient changes in V),
caused by this filtering may be large enough so as to lead to complete loss of
clamping ability. This is commonly observed with whole-cell measurements of
Na™ activity in neurons, and requires the use of either low-resistance pipettes
or appropriate compensation circuits in the amplifier. Even if the clamp is
retained, the measured signal will be heavily filtered. For example, with Rg and
C)r being 25 M) and 30 pF respectively, as is typical in whole-cell experiments,

the signal bandwidth is a mere 212 Hz.

2.5 Multi-clamp amplifiers

2.5.1 Commercial solutions

Both current- and voltage-clamp recordings require a front-end amplifier with an
extremely low input leakage current since the cell, given its limited volume, will not
be able to sustain large currents for very long on its own.

The current-clamp front-end fundamentally consists of a voltage buffer with a
high-impedance input and typically has a gain of unity. Intracellular current-clamp
inputs are several mV large and do not require much amplification. On the other
hand, extracellular voltage measurements have much smaller amplitudes and will
need further amplification. If the same amplifier is to be used for both kinds of

recordings, some gain in the voltage buffer is desirable. An effective current-clamp
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front-end also needs capacitance compensation as discussed in Section 2.4.4. Current
injection in the pA — nA range is common [122].

The voltage-clamp front-end consists of a TIA. The transimpedance element typ-
ically consists of a resistor although capacitive TIAs have also been explored to elim-
inate the thermal noise contributed by Rp [121]. However, the capacitive feedback
system generally needs to be reset frequently in the presence of bias currents. Thus,
it is generally used for cell-attached recordings whereas the resistive feedback is pre-
ferred for whole-cell recordings. TTAs with resistive feedback usually also have a Cr
in parallel with Rp to aid with stability. Even if not introduced by design, some
amount of parasitic Cr is inevitable. This introduces a low-frequency pole in the
TIA’s response with the 3-dB cutoff given by 1/(2nRpCFr). While large values of
Rp are desirable to reduce its input-referred thermal noise contribution, this also
decreases the low-pass cutoff frequency [123]. For example, if Rp = 1 GQ and Cp =
0.1 pF, the pole of this R-C filter is at ~ 1.5kHz. Additional filters are then required
after the TIA in order to correct its frequency response and extend its measurement
bandwidth. This is achieved by introducing a zero at the exact frequency as the
TIA’s pole [124].

Due to the low input-leakage and capacitance requirements of the headstage, the
opamp used for implementing the buffer and the TIA often uses discrete junction
field effect transistors (JFETS) as its input pair [124]. The feedback and current
injection resistors are discrete resistors and are usually in a range of values to allow
for configurability depending on the application. The headstage is also sometimes
cooled in order to reduce the noise since most noise sources have a linear dependence
on the absolute temperature.

A simplified implementation of the capacitance compensation circuitry is shown
in Figure 2.8. The parasitic capacitance C,, sinks a current of C}, dViommana/dt. In the
absence of capacitance compensation, this current is provided by the TIA and flows

through Rp, thereby corrupting the actual measured current. With the capacitance
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compensation circuit activated, it can be shown that

d%omman

Thus, when (o — 1)Cj,; = C,, the current required by C, is provided by the
capacitance compensation circuit instead of the TTIA and the charging transients
associated with C), are removed from the TIA’s output. The input to the gain block
a is sometimes delayed in order to account for the TIA’s response time [5, 124].
Although it is possible for either a or Cj,; to be varied to achieve the same end
result, discrete solutions typically implement a few fixed values of Cj,; to provide

coarse tuning, while fine tuning is achieved through changes in a.

Rr
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Vcommand

Figure 2.8: Basic capacitance compensation circuit [5]

Most commercial systems employ positive feedback in order to implement Rg
compensation. Pre-conditioning the command voltage to account for the filtering of
Vi by Rg and C); and scaling the command voltage to account for the voltage drop

on Rg account for the first two problems discussed in Section 2.4.4. These solutions
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do not require feedback but do not address the third, and perhaps, the most crucial
problem of signal filtering.

The basic principle of using positive feedback to compensate for Rg relies on
adding a scaled version of the current monitor signal to the command voltage. The
scaling factor determines the amount of Rg compensation. Figure 2.9 shows a sim-
plified implementation of positive feedback Rg compensation. Additional filtering is
required in order to stabilize the loop. Although the diagram depicts that the TTA
is ideal and has infinite bandwidth, practical limitations to the bandwidth discussed
previously in this section act to destabilize the loop. Further, C}, must be compen-
sated almost entirely prior to Rg compensation. In practice, the residual C,, must be
< 100fF in order for high Rg compensation to remain stable [5]. Loop instability,

which results in oscillations on V,, can kill the cell if the oscillations are large enough.
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Figure 2.9: Basic resistance compensation circuit using postive feedback [5]

2.5.2 Integrated approaches

While commercial systems are able to achieve current- and voltage-clamp recordings
with high SNR, they are bulky and expensive systems that primarily use discrete
components. The sheer size of these systems limits the ability to scale up the number

of recording sites for experiments where multiple simultaneous measurements are
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required. For example, given the importance of ion channel testing for pharmaceutical
studies, having high throughput can enable faster discovery of new drugs as well as
reduced testing times for existing drugs. This need for miniaturization has thus
spurred the development of integrated implementations of the patch-clamp amplifier.

One of the earliest such implementations consisted of a voltage-clamp amplifier
with a capacitive front-end [125], but did not include any compensation circuitry.
Resistive-feedback front-ends were also explored [126]. This was later expanded into
a full-fledged voltage-clamp setup with capacitance and resistance compensation cir-
cuitry and two-channels integrated onto the same die [127], and then further to in-
clude current-clamp capability and four-channel operation as well [128]. The primary
drawback with this implementation was the extremely high noise levels — as much as
an order of magnitude larger than commercial solutions.

One recent integrated multi-clamp solution used a diode in the feedback path of
the voltage-clamp in order to accommodate a wide range of input bias currents [129].
The completely digital interface allowed for integration with an external computer to

enable automated patch-clamp experiments [130].
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Chapter 3

Design of a Low-Noise

Nanopore Front-End

3.1 Introduction

The simplest possible circuit that can clamp the voltage across a nanopore membrane
is a simple voltage source. A voltage source, however, does not inherently have the
ability to measure the current flowing through it. In that sense, a TIA offers a virtual
ground — a fixed voltage with respect to the TIA’s ground — and provides any current
required in order to clamp the voltage at the virtual ground.

TTAs have been the subject of active research in the analog circuits community
for several decades and have found popular use in electrophysiology setups as the

voltage-clamp amplifier [5]. Indeed, several high-performance TIAs are available as
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commercial products for integration into board-level designs particularly when the
sensor is a photodiode.

The need for application-specific designs and miniaturization has directed several
efforts over the last few decades towards designing TIAs using integrated circuits
(IC), including several designs targeting nanopore recordings specifically [125, 131-
141] while other efforts have eschewed custom ICs for custom-designed boards using
commercially available ICs [38, 45, 142, 143]. Realization of large-valued resistors in
CMOS processes continues to remain an area of active research. Fabricating passive
large-valued resistors is impractical both in terms of the area consumption and due
to the associated parasitics [127].

Reducing the size of TIAs is favorable for nanopore recordings because it is gen-
erally accompanied by a reduction in parasitics which is necessary for reducing - C;,
and thus extending measurement bandwidth as discussed in Section 2.3.5. This needs

to be accompanied by a simultaneous reduction in the noise generated by the TIA.

3.2 Design considerations

There are several factors that need to be considered while designing a low-noise
TIA, some of which dictate opposite design decisions. The TTA discussed here uses

an output transconductance amplifier (OTA) as an opamp and implements resistive

feedback.

3.2.1 Input-referred voltage noise

The noise performance of a TIA is typically characterized by referring its output
noise to the reference input as a voltage noise v,(f). In a well-designed system, the
noise is dominated by that contributed by the first opamp and, in particular, by the
transistors that form the input differential pair of the opamp. For the circuit shown

in Figure 2.3, v,, transforms into a noise current source through the net impedance at
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the input to the TIA. As discussed in Section 2.3.4, this is the dominant noise source
at high frequencies and hence, reducing v, is of critical importance.

v, at high frequencies for a well-designed opamp is governed by the thermal noise
generated by the input pair transistors. As discussed in Section 2.3.4, the thermal
noise of a transistor depends strongly on its g,,. Increasing the W/L (width to length
ratio) of a transistor places it in its subthreshold regime of operation which maximizes
gm for a given bias current flowing through the transistor. Beyond this, improvements
in g,, for a given technology can only be achieved by increasing the bias current itself.

It is worth noting that flicker current noise increases as the bias current through
the transistors is increased. However, when referred to the transistor’s input, flicker
noise scales inversely as the area and is largely independent of the current [106]. Thus,

input transistors with high g,, and high W/L are desirable.

3.2.2 Unity-gain bandwidth

While opamps are often idealized as having infinite gain across all frequencies and
zero response time, practical opamps are limited in terms of the input frequencies
they can respond to. The unity-gain bandwidth (UGB) of an opamp in a feedback
loop is defined as the frequency where the magnitude of the loop gain equals unity.

Opamps can be modeled as having a single pole response as

A

A(s) = —2
1+ s/w,

where A is the open-loop gain at DC and w), is the location of the pole. The UGB

is then equal to w, = Agw,.

The UGB is an important metric because it helps determine the maximum band-

width that the closed-loop system can operate at. For example, for the feedback loop
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shown in Figure 2.3, the loop gain can be written as

Lis) = Al) e, +Cép++sig§ +C) (3:1)
~ A(s);a (3.2)

where the approximation holds at moderate frequencies and if the zero appears before
the UGB of the opamp itself — which would be required by stability. Thus, a high w,
would ensure a high operating bandwidth for the closed-loop system as well.

In traditional unity-gain stable opamp design, w, is often of the form g,,/C where
gm is the transconductance of the transistors that form the input pair and C' is some
capacitance. While w, can be increased by appropriately manipulating g,, and C,
in practice, it is often limited by parasitic poles affecting phase margin. Through
careful design, it is possible to design opamps that are unity-gain stable up to several

hundreds of MHz.

3.2.3 Input and feedback capacitance

The input capacitance of the amplifier C; is seldom an intentional introduction. It
is a parasitic capacitance that is a result of the devices that are connected to the
input of the TTA, and of the interconnects themselves. By careful design, C; can be
reduced to sub-pF levels, but it can never be eliminated completely. Further, the
contribution of interconnects to C; can be significantly lowered in IC-based TIAs.
Larger transistors increase C'; but may be necessary to achieve other design goals. In
general, decreasing C7 reaches a point of diminishing returns since its effect on noise
performance is almost always due to its contribution to > C;. Thus, if other terms
dominate ) C;, then reducing C; will decrease noise but not significantly.

The feedback capacitance CF is necessary for loop stability as discussed previously.
Thus, C'r needs to be large enough to ensure stability and not affect the UGB of the

feedback loop significantly, but also small enough in order to not increase noise levels

46



by increasing »° C; and to not adversely affect the closed-loop bandwidth determined

3.2.4 DC gain

There are two DC gains of interest while discussing a TIA’s performance. The first
is the DC gain of the TIA itself, which, when the opamp is assumed to be ideal, is
simply Rp. The second is the DC gain of the opamp Ay. Larger values of Ay ensure
a successful voltage clamp. For example, for a TTA with its reference node set to 0 V,
a current that induces a 1V drop across Rr would require that the input terminals
of the opamp maintain a difference of 1/A, V. Thus, the TIA clamps the voltage at
a slightly different voltage than the desired 0 V. For Ay = 1000, this would result in
a magnitude difference of 1 mV.

Commercial opamps often achieve DC gains that are in the 10° — 10° range. At
this point, the clamp error becomes of the order of a few 1V which is low enough for
most applications. The only downside to large DC gains in opamps is that they may

become difficult to stabilize.

3.2.5 Other considerations

Besides the factors described in the previous sections, there are several other factors
that, while not as important, still need to be considered while designing a low-noise

TTA.

Offsets

All opamps have an offset voltage between their differential inputs which translates
to an equivalent difference between the desired and actual clamp voltage. These
offsets could be a result of systematic or random mismatches in the transistors that

form the input pair of the opamp or through offset voltages induced in the electrode-
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electrolyte interface. Random mismatches can be reduced by increasing the size of
the transistors while systematic mismatches can be tackled by following good layout
practices. The offset voltage is generally not an issue because it is static and can be
removed by calibration.

Depending on the kinds of transistors that are used to form the input pair, there
might also be a bias current that flows into the input of the TIA. This would ap-
pear as an offset current in the measurement. Similar to the offset voltage, this is
usually a static quantity and can be removed by calibration. Further, metal-oxide-
semiconductor field-effect transistors (MOSFETSs) have a primarily capacitive gate

and have extremely small leakage currents.

Dynamic range

For a TTA implemented using resistive feedback, the upper limit on the dynamic
range is usually determined by Rp and the supply voltage Vpp, such that the largest
difference between currents that can be measured is Vpp/Rp. Thus, a reduced value
of Rp increases the amplitude of the largest current that can be measured.

The lower limit of dynamic range may be determined by measurement noise or by
the analog-to-digital converter’s (ADC) resolution. For example, for an ADC with
N-bit resolution, the smallest current that can be measured at the full sampling rate
of the ADC is Vpp/(Rp x 2V), assuming Vpp/Rp translates to the full-scale of the
ADC. This lower limit can be reduced further either by increasing the resolution of

the ADC or by oversampling the data and then filtering appropriately.

Power supply noise

Noise on the power supply for the TIA can couple into the output in a variety of
different ways. Mismatch in the differential branches of the opamp is one such mech-
anism. Since the reference voltage for the TIA is also usually derived from the power

supply, any noise on the reference effectively appears as an additional noise source

48



that increases the v,, of the opamp by summing with it in power. Power supply noise
can be controlled through the appropriate use of decoupling capacitors and through

careful differential design.

3.3 Chip design

The TTA implemented here is similar to a traditional opamp-based design with resis-
tive feedback through a feedback resistor Rp. Instead of using a passive resistor, the
resistance is implemented using an active current-divider scheme [132]. The feedback
capacitance C'r is programmable through digital control logic to one of four different
values. The single-ended current measurement is converted into a differential voltage
signal on-chip in order to increase the dynamic range and resilience to EMI. Figure 3.1
shows a simplified schematic of the amplifier. The chip was designed and fabricated in
a commercial 0.18 pm CMOS process and contains a 5 x 5 array of TIAs. It achieves

v, = 2.6nV/v/Hz while consuming 5.1 mW per channel from a 1.8V supply.

On-chip Re
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Figure 3.1: Circuit topology for the low-noise nanopore front-end

49



3.3.1 Integrator

The integrator is, perhaps, the most critical block in this TIA design. This is because
the noise performance of the integrator determines the overall noise levels, if sufficient
gain is provided in this stage. The integrator consists of an OTA with a two-bit
programmable capacitor in feedback. Cpr consists of a fixed 0.05pF capacitor and
a 0.1pF and 0.85pF capacitors that can be added in parallel to yield potential C'r
values of 0.05pF, 0.15pF, 0.9pF or 1pF. Including the digital selection logic, the
capacitor bank occupies an area of 100 pm x 60 pm.

The circuit schematic of the OTA is shown in Figure 3.2. The OTA is implemented
using a two-stage design. The first stage is a telescopic differential OTA with PMOS
inputs while the second stage is an NMOS-input common-source amplifier. The load
in the first stage consists of current mirrors - with source degeneration using resistors
- instead of the classical active load in order to reduce its noise contribution. The
inputs are cascoded in order to increase the overall gain of the first stage.

For the differential pair, PMOS inputs were chosen instead of NMOS inputs be-
cause of their superior flicker noise performance in this particular technology. In par-
ticular, thick-oxide variants of transistors are used in order to reduce input leakage
currents to sub-fA levels. The input transistors are sized with W/L = 800 pm /400 nm
and are biased in weak inversion to maximize the g,,/I;, where I, is the bias current
through the transistors. The net input capacitance for these transistors was < 1pF.
Finally, the input transistors are laid out in a common-centroid manner in order to
minimize systematic mismatch.

The OTA is unity-gain stable. Stability is achieved through Miller-compensation
using a 4.5 pF capacitor. The series resistor provides the zero in the loop gain re-
quired to improve phase margin. Under the typical corner, simulations for the OTA
showed that it has a UGB of approximately 100 MHz. The OTA occupies an area of

200 pm x 150 pm including the 90 pm x 90 pm compensation capacitor.
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Figure 3.2: Schematic of the OTA used for forming the integrator (bias voltages not
shown)

3.3.2 Voltage amplifier

The 8x voltage amplifier shown in Figure 3.1 also serves as a single-ended to differen-
tial converter. The conversion to differential signaling doubles the maximum current
that can be measured by the system. The amplification serves to reduce the effective
value of Cr by a factor of eight, which helps improve the closed-loop bandwidth of
the TIA. Such reduction is difficult to achieve in practice by physically reducing Cr
itself, because capacitor values smaller than the ones used here are prone to significant
process variations, and are often dominated by fringe capacitance that can change
based on the local routing, rather than the intended parallel plate capacitance.

The amplifier is constructed using an OTA (Figure 3.3) and resistors connected

in the standard inverting amplifier configuration. The resistors are sized small so
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that their thermal noise contribution is reduced. This comes at the expense of higher
power consumption since a larger current is needed to generate the same voltage drop
across a smaller resistance. The OTA is a fully-differential two-stage design. The first
stage consists of PMOS inputs and an active NMOS load while the second stage is
an NMOS common-source amplifier. Two common-mode feedback loops (CMFB) set
the common-mode values at the output of each of the two stages (nominally Vpp/2).

Each CMFB is a simple differential amplifier with active loads.
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Figure 3.3: Schematic of the fully-differential OTA used in the voltage amplifier
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3.3.3 Output buffer

The purpose of the output buffer is to drive the capacitive load that the PCB will
present. Since signal amplification has already been achieved, this stage only buffers
the signal and does not further amplify it. This also helps relax the design constraints
for this stage. The output buffer is constructed in a similar manner as the preceding
voltage amplifier except the resistor ratio is set to provide a gain of unity.

Since this stage might need to drive large capacitances, the OTA is constructed
as a single stage differential pair with PMOS input and NMOS active load. The
schematic for this OTA is shown in Figure 3.4. A simple CMFB loop sets the common-

mode potential of the output to a value that is nominally Vpp /2.
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Figure 3.4: Schematic of the fully-differential OTA used in the output buffer
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3.3.4 Feedback network

It is difficult to realize large-valued linear resistors in CMOS processes. Linear resis-
tors generally do not possess a high enough sheet resistance to implement resistances
larger than 100 k2 without incurring a significant area penalty. Parasitic capacitance
to the substrate also compromises the high frequency performance of such resistors
[127]. Thus, an active circuit similar to one proposed previously [131] is used to
implement a large-valued resistor in this work.

The feedback network consists of a variable attenuator followed by a resistor and
an active current-divider. The attenuator is formed using an opamp in inverting gain
configuration with gain 1/A < 1 and is built off-chip. The resistor, nominally 10 k<2, is
on-chip and converts the voltage output of the attenuator into a proportional current.
The effect of the attenuator, thus, is to make the resistor appear A times larger than
it physically is.

The current-divider is formed using an OTA and diode-connected PMOS transis-
tors as shown in Figure 3.5. When [;,, is positive, the transistors operate in weak
inversion whereas when I, is negative, the bulk-source junction becomes forward-
biased. In both cases, if the input and output nodes are held at the same voltage,
then the transistors experience the same voltage and the relative current conduction
becomes purely a function of the ratio of the W/L of the transistors. This scheme
requires careful layout of the devices such that mismatches between the transistors
are minimized. Since the smaller PMOS is directly connected to the input, its flicker
noise and shot noise are directly added to the input.

In this work, M was set to 200 so that A = 3.75 yields Rp = A x M x 10k =
7.5MQ and Rp = 45 M2 when A = 22.5. It is worth noting that this active resistor
implementation has thermal current noise lower by a factor of M than a passive
resistor of the same value. However, this noise benefit comes at the expense of

increased power dissipation. The OTA used in the current-divider is similar to that
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Figure 3.5: Schematic of the active current-divider

used in the integrator except the first stage is a folded-cascode differential pair with

PMOS inputs.

3.3.5 On-chip electrode

Each amplifier channel has an associated 100 pm x 100 pm electrode connected to the
TIA input located adjacent to the amplifier itself. This is in addition to an input
that is connected to bondpads on the I/O ring located on the periphery of the chip.
The area under the electrode itself is kept free of routing and transistors in order
to minimize the parasitic capacitance at this node. Further, the proximity of the
surface electrode helps reduce Cy to a few fF. The top metal layer in this process is
4 pnm-thick aluminum, and is located approximately 9 pm above the substrate. Post-

processing of this electrode for interfacing with salt solutions is discussed in Chapter 4.

3.3.6 Digital logic, ESD and biasing

Each of the 25 channels is individually programmable. The available programming

options include the following:
e Turning the channel on/off through control over the bias voltages

e Connecting the on-chip electrode to the TTA input
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e Connecting the TIA input to a bondpad in the I/O ring
e Two-bit programmability of Cr including shorting C'r out

This control is achieved by means of a channel-local eight-bit scan-chain. The
scan-chains are implemented using complementary logic which operate from the same
1.8V supply as the analog circuitry. Since the scan-chain is silent during actual
recording, noise from the digital circuitry affecting the analog blocks was not a con-
cern. Buffers were introduced between the scan-chain blocks of each channel to add
delay and protect against potential hold-time violations. Although the digital logic
operates at 1.8V, the digital I/O pads available for this process operate at 3.3 V.
Level-shifters are added to convert data between the two voltage domains in order to
ensure compatibility.

Electrostatic discharge (ESD) protection is necessary in modern CMOS processes
for devices connected to I/O pads. For signal pads, these generally consist of reverse-
biased diodes connected to the supply and ground rails. These diodes contribute
parasitic capacitance as well as leakage currents that are of the same order as the ex-
pected signal currents. Thus, despite the on-chip electrode discussed in Section 3.3.5
technically being an 1/O pad, ESD protection was not added to this pad.

Several bias voltages are needed to correctly bias the OTAs discussed in the pre-
vious sections. Each row of amplifiers shares the same bias generation circuitry in

order to reduce the number of associated I/O pads.

3.3.7 Layout and packaging

Figure 3.6 shows a photograph of a single amplifier channel indicating the layout of
the individual blocks. Each channel occupies an area of 400 pm x 400 pm and includes
all of the circuitry discussed in the preceding sections, excluding the biasing and ESD

protection.
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Figure 3.7 shows a die photograph showing all twenty-five channels. The die

occupies an area of 5mm x 5mm.

ICurrent-divider

Voltage ‘amplifier

Figure 3.6: Photograph of a single channel in the nanopore TIA

The chip is packaged onto a 272-pin ball-grid array (BGA) substrate. The chip
has a total of 228 bondpads that connect to the fingers on the BGA substrate via
wirebonds. These wirebonds are then encapsulated using dam (Hysol FP4451TD)
and fill (FP4450HF) epoxy such that the electrode surfaces are left exposed. This
doughnut-encapsulation technique has been used previously for other systems as well

(144, 145).
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Figure 3.7: Die photograph of the nanopore TIA chip

3.4 Board design

3.4.1 System overview

Custom printed-circuit boards (PCBs) were designed for testing the chip functionality
and for eventual use in experiments. The system primarily consists of two boards - a
“daughterboard” that houses sensitive analog electronics and a “motherboard” that
contains the digital data acquisition backend that interfaces with a host computer.
Figure 3.8 shows the block diagram for this setup and the components contained
within each of the two boards.

The 25 pairs of differential outputs from the chip are multiplexed down to five,
with the row number controlling the select bits for the multiplexer. Each of these
five column output pairs then has a set of boosting filters, attenuators, level-shifters,
antialiasing filters, ADCs and logic buffers. The outputs of the attenuators which
are required for completing the feedback loop are then demultiplexed back to the

25 corresponding pins on the chip with the row number determining the select bits
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Figure 3.8: Nanopore amplifier board-level block diagram

for the demultiplexer as well. Most of the resistors used in the design are thin-film

variants to reduce their flicker noise contribution [146].

3.4.2 Power domains

The daughterboard is powered by an external 5V DC power supply and uses voltage
regulators to generate two local voltages - 1.8V and 3.3 V. The 1.8V supply is used
for powering the chip and the bias currents, while the 3.3V is used for powering
the remaining blocks on the daughterboard. The voltage supplies are filtered using
a 1€ resistor to further suppress power supply noise. Although there might be
some concern as to noise on the 5V supply coupling into the measurement, testing
showed that noise levels were identical whether the daughterboard was powered using
batteries or using a bench-top DC power supply. The reference and mid-level voltages
required for proper operation of the TIA are derived from the 1.8V supply by using
a programmable resistor as a digital-to-analog converter (DAC) and are low-pass
filtered before being used. The low-pass filter is crucial since noise on the reference
voltage has the same effect as the v,, of the TIA itself.

The motherboard is powered using the same 5V DC power supply and also gen-
erates two local voltages that are both 3.3V but are used for powering either analog
(AVpp, AVgs) or digital (DVpp, DVsg) circuitry on the motherboard. AVpp powers

the DC level-shifter, the anti-aliasing filters and the ADCs, and AVgg is tied to the

99



ground of the daughterboard. DVpp powers the logic buffers and digital isolators,

whereas DVgg is connected to AVgg at a single point (star ground).

3.4.3 Boosting filters

The on-chip TIA has a 3-dB bandwidth set by 1/(27Rp(Cr/8)). The 20-dB/decade
roll-off in the gain beyond this frequency is compensated by using active filters on the
PCB. Figure 3.9 shows a schematic of the chip followed by two stages of “boosting
filters” that restore flat frequency response up until 10 MHz. Rr and Cr are adjusted
such that the low-pass filter always has its cutoff frequency at approximately 200 kHz.
Thus, in the “high-gain” setting, Rr = 45 M) and C'r = 0.15 pF while in the “low-

gain” setting, the values are 7.5 MQ) and 0.9 pF respectively.

Re

10 MHz 4-pole 40 MSPS
Bessel filter ADC

Venig/hn V/Venip — W% —

Stage frequency response

Venip/ln V/lin Vy/lin

Overall frequency response
f f

21R:C/8)" (27R,C,)" (27R.C,)" (27R.C,)" (27RCy)"

Figure 3.9: TTA schematic with boosting filters to increase the measurement band-
width

The boosting then starts at 200 kHz and ends at 10 MHz. Therefore, the net gain
provided by the boosting filter at 10 MHz relative to that at 200 kHz is 10 MHz/200 kHz
= 50. Realizing a gain of 50 at 10 MHz using an opamp on a PCB would require a

minimum UGB of 500 MHz, which is challenging to implement. Therefore, two stages
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are employed; the first stage boosts from 200 kHz to 1.4 MHz while the second boosts
from 1.4 MHz to 10 MHz. The net UGB requirement for the opamp in each stage is

then reduced to approximately 70 MHz, which is more practical.

3.4.4 Data acquisition

The output of the boosting filter is connected to a level-shifter that changes the DC
level of the signal from 0.9V (half the supply voltage of the TIA chip) to 1.65V
(half the supply voltage on the PCB). This then feeds into a fourth-order Bessel
filter with a cutoff frequency of 10 MHz. Bessel filters are popularly used as anti-
aliasing filters because of their uniform group delay characteristics. The Bessel filters
are implemented using the Sallen-Key topology as shown in Figure 3.10. This also
provides a small gain to compensate for the attenuation in the signal from the boosting
filters such that the net gain from the output of the chip to the output of the anti-

aliasing filters is approximately unity.
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Figure 3.10: Fourth-order 10 MHz Bessel filter schematic implemented using the
Sallen-Key topology

The equation that governs the fourth-order Bessel filter frequency response (nor-
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malized for phase) as a function of the cutoff frequency f,. is given by [147]

v ‘ i B 105
H(jf')=H (J?ch> T 105/ — 452 + 105 + 105 (3:3)
L HGE)) = = (34)

VB +10f% +135f 4+ 1575 f"2 4+ 11025
In this form, the gain at DC is unity and the attenuation at f. is approximately
—T7dB. The delay-normalized version of the Bessel filter scales down f’ by a factor
of .

The output of the anti-aliasing filter feeds into an ADC operated with a sampling
frequency of 40 million samples per second (MSPS). The ADC has 12 bits of resolution
and is capable of generating both unsigned and two’s complement outputs. The 12-
bit resolution implies that for a full-scale voltage of 3.3V, the quantization error
power given by Visp/12, where Visp = Vpg/2'? is the value of the least-significant
bit (LSB), is 5.41 x 1078 V2. This power then yields a density of 4.81 x 1072 A?/Hz
spread across the 20 MHz measurement bandwidth when referred to the input in the
worst-case, where the TTA is operated in the low-gain setting of 7.5 M{2. This noise
power is equivalent to the thermal noise of a 330 M(2 resistor and is significantly lower
than the other noise sources discussed in Section 2.3.4.

The ADC outputs are low-pass filtered and buffered [148]. The buffered outputs
are connected to a field-programmable gate array (FPGA, Opal Kelly XEM6310).
The FPGA communicates with a host PC over USB 3.0 and transfers the ADC data
to the PC where it is visualized in real-time. The 5 ADCs generate data at a rate
of 5 x40 x 10% x 12 = 2.4 Gbits™! = 300 MBs~!. The maximum real-world transfer

rate over a single USB 3.0 link is approximately 300 MBs™!.

For this reason and
to increase the number of available programmable pins on the FPGA, the design
incorporates a “master” FPGA that handles programmability and data transfer for
two channels and a “slave” FPGA that handles data transfer for the remaining three

channels. The data is buffered using the available 128 MB DRAM on the FPGAs in

order to avoid data loss while waiting for the PC to request new data.
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3.4.5 Shielding

The TIA’s input is extremely sensitive to EMI. A Faraday cage is thus necessary to
shield the TTA’s input from external sources of EMI whenever a long wire or a volume
of electrolyte is connected to it. In the system described here, the daughterboard is
housed inside an aluminum box that is tied to the daughterboard’s ground and acts as
a Faraday cage. The motherboard is placed outside this Faraday cage since it contains
fast switching digital circuits that may generate EMI of their own. Digital signals
that need to be transferred to the daughterboard first pass through RF isolators that
serve to separate the possibly noisy supply voltage on the motherboard from that on
the daughterboard.

Since analog signals flow from the daughterboard to the motherboard (Figure 3.8),
a low impedance return path is provided between the grounds of these two boards in
order to minimize any inductance on this connection that could set the two grounds
at different RF potentials with respect to each other.

Finally, the experiments are performed on a vibration-isolated air table to reduce
mechanical vibrations that may introduce noise through physical movement of the
electrolyte connected to the TIA’s input. Figure 3.11 shows a photograph of the

measurement setup.

3.5 Software

3.5.1 FPGA

The Opal Kelly XEM6310 contains a Spartan 6 series FPGA. Custom Verilog code
was written in order to control the operation of the FPGA. ADC data coming into
the FPGA is first stored in a 32-bit wide 4k-deep first in first out (FIFO) buffer.
A custom-designed DRAM controller monitors the input buffer and transfers this

data to the DRAM in bursts once sufficient data has accumulated in the buffer. The
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Figure 3.11: Photograph of the measurement setup. The motherboard is on the left
while the daughterboard is on the right inside the aluminum box.

controller and the DRAM both operate on a 312.5 MHz clock. Depending on the
ADC, different data packing schemes are employed in order to maintain real-time
operation. The master FPGA receives two sets of 12-bit data at 40 MHz which are
padded with eight zeros to form a 32-bit entry. The input FIFO buffer used here
is an asymmetric 32-in-128-out buffer to maximize the speed at which the data are
written to the RAM. The slave FPGA receives three sets of 12-bit data at the same
clock frequency. Here, three samples per channel are collected and then padded with
20 zeros in order to form a 128-bit entry.

Similar to the input buffers, output buffers are created in order to have some
data immediately available as soon as the host PC requests it. Both FPGAs have an
asymmetric 128-in-32-out output buffer. “Block-throttled” pipes are used in order to
free up the USB interface for other data transfers without significantly compromising
transfer speeds [149].

The master FPGA also handles programming the DACs on the daughterboard
over a standard serial peripheral interface (SPI). Programming the TIAs on the chip

through the scan-chains is also handled by the master FPGA.
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3.5.2 PC

Custom Python code running on the PC controls the entire system. For the experi-
ments described here, single-channel operation was sufficient and so the software was
designed to prioritize display of data from a user-defined row and column. Specifi-
cally, the code converts the raw binary data coming in from the FPGA first into an
appropriate voltage and then to an equivalent input-referred current.

The PyQt design toolkit is used to create the GUI with the data plotted using
pyqtgraph. Pyqtgraph is significantly better than the Python standard matplotlib
at displaying large datasets. 100ms of data are nominally shown which is further
downsampled by a factor of 10 such that 400x10% points are rendered per frame.
The refresh rate and frame length are user customizable.

The data are saved as-is to disk in binary format since the overhead associated
with converting to floating point numbers first and then saving those has too large a
performance overhead and hinders real-time operation. Data are nominally saved in
1's chunks although this can be changed by the user. Since no filtering is performed on
the data obtained from the FPGA, information about Ry and which row and column
amplifier the data corresponded to is also saved to facilitate easy reconstruction when
loaded from disk.

Filtering during display is handled using scipy’s implementation of a digital ap-
proximation of a fourth-order Bessel filter. This mimics the effect of recording with a
system with the same bandwidth as the filter cutoff. The filter cutoff is programmable
and use of the filter does not compromise real-time operation during recording. Sep-
arate tabs show the PSD and histogram of the time trace currently visible. Statistics
such as the mean and standard deviation of the time trace are constantly calculated
and updated. Further, noise values at various bandwidths are calculated by taking
the square root of the integral of the PSD until that bandwidth mimicking the effect

of a brick-wall filter.
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3.6 Measurement results

Determining the frequency response of a low-noise TIA can be challenging. In this
work, the frequency response is determined by coupling in a square wave of voltage
through a small capacitor into the TIA input. The small capacitor is realized by con-
necting the ground of the square wave generator to the ground of the daughterboard
and holding the signal wire of the square wave generator near the TIA’s input. Al-
though it is hard to determine exactly how much this capacitance is, it can be varied
by varying the proximity of the wire to the TIA input. The square wave of voltage
induces an impulse train of currents in the TIA. By ensuring that the impulse ampli-
tude is small enough to not saturate the TIA and by choosing an appropriate square
wave frequency, the Fourier transform of this impulse train is also an impulse train.

This is used to extract the shape of the frequency response as shown in Figure 3.12.
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Figure 3.12: Normalized PSD of an impulse train injected at the input of the TIA.
The peak at each frequency represents the AC gain at that particular frequency. The
envelope of the curve thus yields the AC response of the TTA.

The DC gain is measured separately in order to determine the overall tran-
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simpedance gain. A known voltage is applied across a known resistance (50 M€ in
this case) connected to the input of the TTA. Thus, the injected current is known and
the value of Rp entered into the software is adjusted until the measured current be-
comes equal to the injected current as shown in Figure 3.13. These two measurements

combined help determine the frequency response of the TTA.
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Figure 3.13: Measured DC response of the TIA as a function of the injected current.
The TTA has a linear output across a wide range of input current amplitudes.

Figure 3.14 compares the measured and simulated input-referred noise PSD of
the TIA in the low-gain setting with Ry = 7.5 M(). The transistor-level simulations
agree very well with the actual measurement. The roll-off at high frequencies is due
to the hardware anti-aliasing filter at 10 MHz.

Figure 3.15 shows the same 10 ms long open-headstage noise measurement filtered
down to 200kHz, 1 MHz and 5 MHz using a digital approximation of a fourth-order
Bessel filter. The 10 MHz trace already includes the effect of the hardware anti-
aliasing filter and is not filtered further in software. The RMS noise at 100 kHz and

200kHz is 6.1 pArys and 8.1 pAgrys respectively. This flicker noise is dominated
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by contributions from opamps used in the boosting filter and not the TIA itself -
confirmed by replacing the opamps with lower-noise, lower-bandwidth equivalents.
Since this work focuses primarily on high-bandwidth recordings, this added low-

frequency noise did not significantly affect high frequency performance.
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Figure 3.14: Measured and simulated open-headstage input-referred noise power spec-
tral density of the nanopore amplifier

3.7 Summary

This chapter discussed the design considerations and implementation specifics of a
CMOS TIA array optimized for low-noise nanopore recordings. The chip was fabri-
cated in a standard 0.18 pm CMOS process and contains a 5 x 5 array of amplifiers in
a bmm x 5mm die. Each channel can be independently operated and recorded from
and supports up to 10 MHz of recording bandwidth with an input-referred voltage
noise of 2.6V /v/Hz. The TIA design was electrically characterized for its frequency

response and noise performance.
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Figure 3.15: Concatenated time trace of a 10 ms long open-headstage measurement.
Each section corresponds to the same trace filtered using a digital four-pole Bessel
filter to cutoff frequencies of 200 kHz, 1 MHz and 5 MHz, respectively. The 10 MHz
trace already includes the effect of an analog four-pole Bessel filter and is not filtered
further. Irysg values are indicated.
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Chapter 4

High-Bandwidth Solid-State

Nanopore Recordings

4.1 Introduction

For several years after the introduction of solid-state nanopores, research effort was di-
rected primarily at achieving geometrical features comparable to biological nanopores.
An interesting research direction is that of integration of nanopores with the measure-
ment electronics. By virtue of the material properties of their membranes, solid-state
nanopores are ideally suited for tight integration with well-designed electronics. The
bandwidth improvements that this combination offered were first shown in 2012 [59].
Since then, although several new amplifier designs have been introduced, they have

not been able to improve on the ps-resolution set by the then state of the art. Since
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DNA translocates through solid-state nanopores at rates of several bases per ps,
breaking this barrier is key to getting closer to the target of being able to sequence

free-running DNA using a solid-state nanopore.

4.2 High-bandwidth nanopore measurement
platform

As discussed in Section 2.3.4, reducing the wiring capacitance Cy is one of the re-
quirements for achieving high-bandwidth nanopore recordings. Tight integration of
the nanopore with the measurement electronics can help eliminate the need for long
shielded cables between them and thus help significantly decrease Cy,. The solution
adopted here is based on a platform proposed previously [59, 144|. Briefly, the on-
chip electrode acts as one of the two electrodes required for the measurement, while
a conventional Ag/AgCl pellet acts as the second electrode. A fluid chamber is con-
structed directly above the amplifier chip and acts as the “trans” side. The nanopore
is mounted on this fluid chamber and the aforementioned pellet connects to the other
side of the nanopore (the “cis” side). This design reduces Cyy to a few pF and enables

high-bandwidth DNA translocation studies.

4.2.1 Amplifier packaging and fluid chamber construction

The amplifier chip is packaged as discussed in Section 3.3.7. The doughnut encapsu-
lation technique allows access to the electrodes on the chip surface while mechanically
and chemically protecting the sensitive gold wirebonds from the fluids that are to be
introduced. A watertight fluid chamber is created above the chip surface by attaching
a short segment from a polypropylene tube using KWIK-CAST silicone elastomer.
The chip, with and without the fluid chamber, is shown in Figure 4.1.

The amplifier chip with the fluid chamber attached is placed on a compression-
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Figure 4.1: Packaged nanopore amplifier chip with and without the fluid chamber

mount socket that is soldered onto the daughterboard. The opening in the top piece

of the compression mount was widened in order to allow the fluid chamber to pass

through it (Figure 3.11).

4.2.2 Ag/AgCl microelectrode formation

Chips encapsulated in this manner are then subjected to aluminum etchant (Al
etchant Type A, Transene) in order to remove the top-metal aluminum from the
exposed pads connected to the amplifiers. This removes the aluminum and exposes
the underlying layer, which, in the technology used for fabricating this chip, is an
electrically conductive titanium nitride adhesion and diffusion barrier layer.

The next step is to deposit Ag on the titanium nitride layer. This is achieved
through electrodeposition. The chip is mounted in the socket on the daughterboard
and the system is powered on. Without turning on the bias for any of the ampli-
fiers, the amplifier whose electrode needs the Ag deposition has its on-chip electrode
connected to the external input on the I/O ring by programming the appropriate
switches. Silver electroplating solution containing silver cyanide (Transene) is then

added to the fluid chamber above the chip and a silver wire connected to a voltage
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source is placed in it. The other terminal of the voltage source is connected to the
external input on the I/O ring (which is connected to header pins on the daughter-
board).

Voltage of appropriate polarity is then applied in order to drive electrodeposition
of Ag on the on-chip electrode. Since no seed layer is present, it was found that
lower current densities at the start of the process yielded more uniform coverage of
the electrode surface area. Thus the voltage is adjusted so as to maintain 0.2 pA
for 10 minutes, followed by 0.5 pA for 10 minutes and finally, 1 pA for 20 minutes.
This nominally resulted in an Ag layer that was a few pm thick. While the majority
of the electrodeposition occurs in the final phase, skipping the initial phases was
found to cause isolated regions of deposition, where an initial deposition of silver
would then create a low impedance path and aid further deposition on the same spot.
Electrodes that formed in this way were not used for recordings. While the process
described here only refers to a single electrode being plated at a time, it is possible to
plate multiple electrodes in parallel. If the amplifiers are turned on and the plating
current is read out through the amplifier, information about which electrodes are
being plated successfully can also be obtained. In the experiments described in this
work, single-channel operation was sufficient and so parallel electroplating was not
explored.

The silver microelectrodes thus formed are chlorided either by applying a drop of
concentrated bleach or 50 mM FeCl; for 30s [150]. In most of the nanopore experi-
ments described here, the direction of the current is such that the microelectrode is at
a positive polarity with respect to the pellet electrode. Thus, over the course of the
experiment, the microelectrode continues to get electrically rechlorided. However,
over the course of several hours of experiments, the microelectrode would lose its
AgCl layer likely through dissolution in water. At this point, the chemical chloriding
step would be repeated and the electrode would be used again.

Figure 4.2 shows a photograph of the on-chip electrode before and after the pro-
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cessing described in this section.

Before processing After processing

Figure 4.2: Photograph of the on-chip electrode before and after processing

The Ag/AgCl interface formed in this way is not completely ideal. In particular,
it has a charge-transfer resistance associated with it that is a source of noise in
the measurement [109]. The electrodes were characterized for their charge-transfer
resistance through electrochemical impedance spectroscopy (EIS) measurements. The
values for R.; are nominally in the range of 1002 - 200 2. At 200 (2, this contributes
an additional v , = 4kTRy = 1.8nV/ vHz which increases the total input-referred
voltage noise to v, = \/m = 3.15nV/VHz.

The access resistance of a 100 pm diameter electrode in 3 M KCl is approximately
75 [82]. Reducing the amplifier’s noise below that added by this resistance will
yield diminishing returns. The charge-transfer resistance could be reduced either by
increasing the dimensions of the microelectrode or by increasing the exposed surface

area for charge-transfer by patterning the electrode to create fingers.

4.2.3 Additional chip-surface passivation

Modern CMOS processes typically include a final passivation layer consisting of silicon

nitride, silicon dioxide and polyimide above the top metal layer. In this technology,
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the net thickness of this passivation layer is nominally 4.3um. The fluid in the
chamber above the chip can potentially form a parasitic parallel-plate capacitance
with the top-level routing on the chip, with the passivation acting as the intermediate
dielectric. The upper bound for this capacitance is approximately eA/d = 180 pF
assuming ¢, = 3.5 and A = 25mm?2  This value can be decreased by applying
additional layers of passivation on the surface of the chip.

In this work, the KWIK-CAST silicone used for adhering the fluid chamber to
the chip is also used for passivating the chip surface. An initial layer of silicone is
first painted by hand such that the silicone touches the edges of the electrode to be
used. Since single-channel operation is sufficient for the experiments described here,
the other electrodes are covered with silicone. Once this initial layer of silicone has
been painted, a fine pipette tip is placed above the opening in the silicone (above
the electrode) and additional silicone is added around the pipette tip. The tip of the
pipette prevents the silicone from flowing in and covering the exposed electrode. This
process is repeated until the silicone is a few mm thick. Figure 4.3 shows one such
chip with silicone passivation.

With the amplifier mounted in its socket on the daughterboard, the parasitic

capacitance from the solution to the daughterboard’s ground was measured to be

approximately 2 pF.

4.2.4 Ultra-thin nanopore fabrication

As discussed in Section 2.3.2, noise is just one half of the SNR equation. High conduc-
tance nanopores capable of generating large signals are necessary in order to fully take
advantage of the high-bandwidth capabilities of the measurement platform described
in this work. The nanopores used in this study were fabricated by collaborators in
the Drndi¢ lab at the University of Pennsylvania. Compared to conventional silicon

nitride nanopores, these were thinned down to near the theoretical limit (=~ 1nm)
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Figure 4.3: Nanopore amplifier chip with silicone passivation

[50]. The thinning process is briefly described below.

A scanning transmission electron microscope (STEM) based ablation technique is
used to achieve nanometer scale membrane thickness. STEM thinning uses electron
irradiation with rastering of the electron probe of a JEOL 2010F S/TEM over a
defined area of silicon nitride. This causes sputtering of silicon and nitrogen atoms
[51] with the final membrane consisting of amorphous silicon due to the higher rate
of sputtering of nitrogen. A two-step process is used with an initial thinning of a
65nm x 65nm region of 50 nm thick freestanding silicon nitride membrane to 10 nm
amorphous silicon by using a 2.5 nm probe size with membrane thickness controlled by
quantifying the mass loss using electron-energy loss spectroscopy (EELS) (Figure 4.4).
A second thinning in a smaller 25 nm x 25 nm region is made using a 0.5 nm spot size,
bringing the membrane thickness down from 10 nm to less than 4 nm. The same spot

size is then used for actual drilling of the nanopore.
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Figure 4.4: (a) Bright-field TEM image of nanopores made in STEM-thinned mem-
branes. Circles indicating diameters of 1.7nm, 2.0nm, and 2.6nm are shown in
overlay with corresponding nanopores. (b) High Annular Dark Field image of STEM-
thinned regions of silicon nitride. Regions are labeled according to the steps in the
STEM-thinning process, with Region 1 unthinned, Region 2 thinned to 10 nm, and
Region 3 thinned to 3.5nm. (c) Electron-energy loss spectra (EELS) taken of sil-
icon nitride before (Region 1) and after (Region 2) initial thinning. Red markers
indicate the Si peak, which drops to 20 % of its original value; this corresponds to a
thinning from 50nm to 10nm. (d) Electron Energy Loss Spectra (EELS) taken of
silicon nitride before (Region 2) and after (Region 3) the second thinning process.
Red markers indicate the Si peak, which drops to 35 %, corresponding to a thinning
from 10 nm to 3.5nm. All images were taken using a JEOL 2010F STEM instrument.

4.2.5 Nanopore assembly

Before use in experiments, the nanopore chip is cleaned in piranha for between 5
and 10 minutes using an approach described previously [108]. This treatment helps
reduce the flicker noise of the pore and increases its chances of wetting. The pore
is then mounted on a custom polydimethylsiloxane (PDMS) cell using the same sil-
icone elastomer used for attaching the fluid chamber to the chip. This provides a
watertight seal as well as serves as an additional passivation layer to decrease Cpore

(Figure 4.5). Since this silicone is painted by hand, there is some variability in terms
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of the membrane area that is not covered by the silicone. Cpe is typically about
10 pF which is an order of magnitude lower than the 300 pF that was observed in
earlier studies [103]. Reduction in Cpyre can yield further improvements in SNR and

bandwidth.

F | .

Figure 4.5: Schematic of the cross-section of the nanopore chip including the silicone
passivation

4.3 Open-pore noise measurements

As part of the experimental setup, the nanopore is mounted on a PDMS cell and
placed on top of the fluid chamber above the nanopore amplifier chip as described in
the previous section. Of the several nanopores with different diameters tested in this
manner, Figure 4.6 shows the input-referred noise PSDs of the amplifier chip with
two different nanopores - Pore 1 (Cpore = 10pF, d = 1.3 nm, teg = 1.4nm) and Pore 2
(Cpore = 13pF, d = 1.7nm, ter = 1.2nm). As a representative example, Figure 4.7
shows the concatenated time trace of a 10 ms long noise recording with Pore 1. The
input-referred noise for Pore 1 at 200 kHz is 23.2 pAgrys, at 1 MHz is 125.7 pArwus, at
5MHz is 1.43nAgums and at the full bandwidth of 10 MHz is 4.19 nAgys.

It is worth noting that the flicker noise discussed in Section 3.6 does not signifi-

cantly affect high-frequency noise levels (Table 4.1). Since the focus in this work was
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Figure 4.6: Input-referred noise power spectral density of the nanopore amplifier chip
with two different nanopores. Pore 1 has Cp,re /= 10 pF while Pore 2 has Ce = 13 pF.

on maximizing bandwidth for a given SNR, high-bandwidth opamps were preferred

in the boosting filter over their lower-noise lower-bandwidth counterparts.

Noise up to 100 kHz | Noise up to 1 MHz Noise up to 5 MHz
Absolute | Contribution | Absolute | Contribution | Absolute | Contribution
(pPArums) | of mnoise at | (pArms) | of noise at | (pArys) | of mnoise at
100 kHz 100 kHz 100 kHz
bandwidth to bandwidth to bandwidth to
total noise total noise total noise
Open 6.1 100 % 47.8 12.76 % 481 1.27%
headstage
Pore 1 14.9 100 % 125.7 11.85% 1431 1.04%

Table 4.1: Contributions of low frequency noise to integrated noise at different band-

widths
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Figure 4.7: Concatenated time trace of a 10 ms long noise measurement with Pore 1
(Cpore = 10pF). Each section corresponds to the same trace filtered using a digital
four-pole Bessel filter to cutoff frequencies of 200 kHz, 1 MHz, and 5 MHz, respectively.
The 10 MHz trace already includes the effect of an analog four-pole Bessel filter and
is not filtered further. Iryg values are indicated.

4.4 Single-stranded DNA translocation

The experiments were performed with short ssDNA samples that were either 40 or
100 nucleotides (nt) long and prepared in aliquots of 200 nM in 3 M KCI. Since
AT plays a significant role in improving the measurement bandwidth, 3 M KCI is
used instead of the commonly used 1 M KCI. Increasing molarity increases Al but
does not affect the relative blockade AI/lpserine- In order to accommodate larger
baseline currents (and thereby maximize AT), the nanopore amplifier is operated in
its low-gain setting.

Once the nanopore has been determined to be open and have a stable baseline
current, the DNA is added to the cis side and a negative bias voltage is applied to
electrophoretically drive the DNA through the nanopore. The bias voltage is varied
from 300mV to 900 mV. Given the small diameters of the pores tested here, voltage
biases lower than 300 mV frequently caused blockage of the pore.

Figure 4.8 shows a concatenated time trace of 100 nt ssDNA translocation record-

ings through Pore 3 (Cpore = 15pF, d = 1.9nm, ts = 3.3nm) at different applied
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bias voltages. Figure 4.9 shows the same 0.2s long time trace of ssDNA transloca-
tions through Pore 1 at 900 mV bias filtered using different four-pole Bessel filters.
The translocation events are clearly visible even at filtering bandwidths as high as
5 MHz whereas at the conventional measurement bandwidth of 10kHz, events are

either severely attenuated or lost altogether.

oOmV | 300 mV | 600 mV | 900 mV
ml | i
5 nA |_ —— 1 MHz
50 ms

Figure 4.8: Concatenated time trace of 100 nt ssDNA translocation recordings
through Pore 3 at biases of 0, 300, 600 and 900 mV. Each trace is 0.2 s long and
filtered using a four-pole Bessel filter with a cutoff frequency of 1 MHz.

4.5 Event calling

Several efforts have been focused towards creating a suite of tools for analyzing
nanopore data [151-154]. However, the algorithms used in these works are computa-
tionally more expensive than the simple thresholding approach used here. Specifically,
for high-bandwidth data, thresholding is extremely fast since it can be performed in
O(n).

Custom code written in Python is used to analyze the recorded nanopore traces.

First, the baseline Ipgseine and the standard deviation Irprg are calculated for the
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Figure 4.9: Concatenated time trace of a 0.2's long recording of 100 nt ssDNA translo-
cation through Pore 1 at 900 mV bias. The traces are filtered using a four-pole Bessel
filter to 10 kHz, 200 kHz, 1 MHz and 5 MHz bandwidths. Low cutoff frequencies show

severe degradation of signal amplitudes.

data in a known event-free region. Next, a threshold is set SNRinXIrys below
Tpaserine- Whenever a data point in the derivative of the original time trace exceeds
the threshold, it signals an edge of an event. Depending on the sign of the derivative,
it indicates either the start or the end of the event. From this event point, a local
search finds the nearest data point that is 31gyrs below the baseline and this point
is treated as the actual start or end of the event, respectively.

In this work, SNR,;, is set to either six or eight. This results in a negligibly low
false event-rate as discussed in Section 2.3.2. Further, minimum and maximum event
widths are set in order to reject events that correspond to either bumping events or

to pore clogging.

4.6 Short-lived intra-event features

The need for a high-bandwidth platform is best demonstrated by its ability to detect

and resolve events and features that were undetectable previously. Figure 4.10 shows
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examples of 100 nt ssDNA translocation events through Pore 1 filtered to 1 MHz
and 5 MHz bandwidths. The four-pole Bessel filter used for filtering has a rise time
of ~ 0.5ps and 0.1ps at 1 MHz and 5 MHz cutoff frequencies respectively. Conse-
quently, events with durations less than twice these times will have their amplitudes
severely attenuated [5]. Figure 4.10 shows examples of features that are visible only
at bandwidths made possible by this work, some with durations of less than 200 ns;
all labeled features exceed the 31gr)¢ noise level below the baseline. Some of these
features reveal extremely brief interactions of the molecule with the pore during its
entry and exit. Some of the features, however, correspond to a deeper event within a
relatively shallow level. These features are likely to be the real translocation events
with the shallow level corresponding to some intermediate state where the molecule
is not completely in the pore. In these cases, events are likely to be fast even when

measured at a bandwidth of 1 MHz, leading to distortion of event depth and duration.

—> N > \ ’
—> <
0.6 ps 0.6 us 0.3 s 0.3 s
« V -«
0.8 us 02 0.2 ushl 0.7 usu

— 1 MHz
5nA|_
2 us — 5 MHz

Figure 4.10: Example events from 100 nt ssDNA translocation through Pore 1 at
900 mV bias showing features visible at 5 MHz bandwidth that are invisible at 1 MHz
bandwidth. Feature durations are indicated.
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4.7 Analysis of two-state events

Several previous studies have reported two-level translocation current waveforms as
are observed in Figure 4.11 [50, 59, 155] . Because the diameters of the nanopores
used in these experiments are smaller than in any of these previous studies, the access
resistance R, now starts to play a more important role in determining the overall ionic
current (Section 2.3.3). In particular, modulation of R, by a molecule in the vicinity
of the nanopore can be significant. The two-level behavior observed is attributed to
a molecule that gets trapped as it enters or exits the pore. Such an explanation in
our case is further bolstered by the fact that the standard deviation of the shallow
levels observed (Irys = 834pArms to 1.81 nAgryg for the data of Figure 4.11) is
significantly higher than that of the baseline current itself (Igys = 281 pAgrms). If
a molecule in the vicinity of the pore is indeed the cause of the shallow level, then
Brownian motion of the molecule could explain the increased standard deviation in
the current.

However, the deep level is not present only at the end of a translocation event.
Figure 4.12 shows examples of several events where the deep level is either at the
beginning or the middle of an event. The explanation that the shallow level is due to
the molecule blocking the pore entrance before translocating through [59] thus does

not hold. Our data are in agreement with those reported in other studies [50].

4.8 DNA translocation statistics

Figure 4.13a shows a scatter plot of average current blockade values as a function of
dwell time for a 4 s trace recorded for 100 nt ssDNA at 900 mV bias. Event detection
is determined by setting a threshold that is 61z away from the baseline. The large
spread in the average AI values is due to the variance in the dwell time in the access

region during a translocation event. A long dwell in the access region corresponds
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Figure 4.11: Concatenated events from 100 nt ssDNA translocation through Pore 3 at
900 mV bias padded with baseline points for reference. The dashed black lines indicate
the shallow level corresponding to the molecule being in the access region and the
deep level corresponding to the actual translocation. The standard deviation of the
current in the shallow region is significantly higher than even that of the baseline.

to a relatively shallow average AI. Larger average Al values are associated with
short dwell times in the access region. As the filtering cutoff frequency is reduced,
Irys decreases, but so does the amplitude of short events which means that some
events fail to get detected at lower bandwidths. Conversely, shallow and long events
are more likely to be seen at lower bandwidths. Figure 4.13b shows fits of the dwell
times to A;e™"/™ 4+ Aye™™ where 7, < 75 [61]. More aggressive filtering increases 7
indicating that the increased bandwidth results presented here are more accurate in

capturing the average translocation rate.
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Figure 4.12: Concatenated events from 100 nt ssDNA translocation through Pore 3
at 900 mV bias padded with baseline points for reference. The upper three events
exhibit a deep level followed by a shallow level while the lower three events exhibit a
deep level flanked by shallow level dwells before a return to the baseline.

4.9 Glass-passivated nanopores

In the work presented thus far, Cp. is the largest contributor to £C;. Cpepe can be re-
duced even further through additional and reproducible passivation of the membrane
dielectric. Several approaches have been proposed for reducing Cpore [37, 38, 108, 156
160]. In particular, the glass-based passivation approach was used here in order to
reduce Cpore. The processing flow developed by the collaborators at the University
of Pennsylvania is described in detail elsewhere, and is briefly reproduced here [157].
300 pm thick glass chips are pre-deposited with silicon nitride layers, patterned by
photolithography, and etched by hydrofluoric acid to created suspended silicon nitride

membranes for drilling nanopores. Compared to the conventional silicon substrate
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Figure 4.13: (a) Mean current blockage vs dwell time scatter plot for n = 2008
100 nt ssDNA translocation events through Pore 1 at 5 MHz, 1 MHz, and 200 kHz
filtering bandwidths (n indicated for the 5 MHz filtering bandwidth). Filtering to
lower frequencies clearly indicates increased attenuation especially for events close to
the inverse of the filter’s cutoff frequency. (b) Histogram plot of counts vs dwell time
for the data presented in (a). Each of the plots are fitted to Aje™/™ + Aye™"/™ and
71 is indicated for each of the fits where 7 < 7. Increasing the filtering bandwidth
indicates a reduction in the characteristic dwell time for the event, suggesting that
even at bandwidths as high as 1 MHz translocation events were distorted.

with silicone passivation as illustrated in Figure 4.5, fused-silica (glass) based sub-
strates are fabricated with cross-sections as depicted in Figure 4.14. An additional
layer of silicone is added on the top for extra passivation. The resulting capacitance

of the fused-silica device is consistently of the order of a few pF and the results
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are highly repeatable. This passivation process is compatible with the membrane

thinning steps described in Section 4.2.4.

Figure 4.14: Schematic of the cross-section of the glass-passivated nanopore chip

Of the several nanopores tested in this manner, the input-referred noise PSD for
Pore 4 (Cpore = 3pF, d = 4nm, t.g = 5nm), as measured with the amplifier in high-
gain mode, is compared against that of Pore 1 as well as the amplifier’s open-headstage
noise floor in Figure 4.15. Figure 4.16 shows an open-pore noise measurement with a
glass-passivated nanopore similar to that shown in Figure 4.7. The glass passivation
reduces noise levels significantly compared to the regular silicone passivation.

Figure 4.17 shows 200 nt ssDNA translocation through Pore 5 (Cpore =~ 3DpF,
d = 1.2nm, t,gs = 3nm) filtered to several different bandwidths. Compared to the
measurements through Pore 1 shown in Figure 4.9, there is significant improvement

in SNR due to the reduced membrane capacitance.

4.9.1 Inverting the amplifier’s low-pass response

Assuming that the current-divider loop shown in Figure 3.1 is fast enough and the
integrator opamp has an open-loop transfer function given by A(s), it can be shown

that the open-loop gain of the system in open-headstage configuration (Rp.e = 00,
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Figure 4.15: Input-referred noise power spectral density of the nanopore amplifier chip
with two different nanopores. Pore 1 has Cp,e =~ 10pF while the glass-passivated
Pore 4 has Cp,e =~ 3pF.

Cpore = 0) is given by

_A(s) 18
() = T A() Ry 5Cr

(4.1)

Note that this expression also neglects the effect of the amplifier’s input capacitance.

With this L(s), the closed-loop transimpedance gain is then given by

F(s) =

- (4.2)

8
L + A(S) (1 + SCFRF>

During actual experiments, Cpore # 0 implying that Y- C; > Cp and its effect on

the closed-loop transfer function needs to be accounted for. In general, the open-loop
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Figure 4.16: Concatenated time trace of a 10 ms long noise measurement with Pore
4 (Cpore = 3pF). Each section corresponds to the same trace filtered using a digital
four-pole Bessel filter to cutoff frequencies of 200 kHz, 1 MHz, and 5 MHz, respectively.
The 10 MHz trace already includes the effect of an analog four-pole Bessel filter and
is not filtered further. Iry;s values are indicated.

gain of the system is modified to

Cr
Als) =~
_ ¢ 18
He 1+ A(s)ek fir oC Y
> G
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Figure 4.17: Concatenated time trace of a 0.2s long recording of 200 nt ssDNA
translocation through Pore 5 at 900 mV bias. The traces are filtered using a four-
pole Bessel filter to 200 kHz, 1 MHz, 5 MHz and 10 MHz bandwidths. Compared to

silicone-passivated nanopores, there is significant improvement in SNR.

and the closed-loop transfer function changes accordingly to

Cr
> C; 8

1+ A(s) ;g sCr

Cr
G 8
|+ A(s)ZE SCrRr

2 G
Cr 8

A(s) —
_ > CisCrp (4'4)

o Cr 8
1+A 1
+ (S)ZCZ ( + SCFRF)

If >C; > Cr and A(s) = wygp/s with wyep being the UGB of the opamp,

A(s)

F(s) =
A(s)

1+

an additional pole is introduced at wyepCr/ Y. C;. In the experiments with glass-
passivated pores, Cr = 0.15pF and Y C; =~ 6 pF placing an additional pole at approx-

imately 2.5 MHz. The effect of this additional low-pass filter needs to be inverted.

91



Consider a signal y(¢) that is the result of a signal z(¢) passed through a first-order

low pass filter with 3-dB frequency wg. Their Fourier transforms are related as

, X(jw
Y () = XU (4.5)
14—
Wo
- X () = V() (1429) (4.6)
Wo
Thus, the signals are related in the time domain as
1 dy(t)
t)=y(t)+ ———= 4.
o) =y(t) + (4.7

And, equivalently, in the discrete time domain as (assuming sufficient oversampling)

1

z[n] = y[n] + w*o(y[n] —yln—1]) (4.8)

where wy € [0, 7] now is the angular frequency of the low-pass filter in the discrete
domain. In the system described here with a sampling frequency of 40 MHz and
with a nominal fy = 2.5 MHz, wy = 7/8. The glass-passivated pore recordings are

subjected to this inverse filtering in order to restore their full 10 MHz bandwidth.

4.10 Comparison to state of the art

Table 4.2 compares the performance of the system described in this chapter to other
high-bandwidth translocation studies employing similar platforms. The work de-
scribed in this chapter currently represents the fastest reported recording of DNA

translocations through nanopores.

4.11 Summary

This chapter discussed the design and construction of a low-noise high-bandwidth
nanopore recording platform. The platform was experimentally validated by translo-

cating 40 - 200 nt long ssDNA molecules through ultra-thin nanopores with silicone
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at target bandwidth
(PArwms)

Metric Rosenstein et | Balan et al | Fraccari et al | This work
al [59] [157] [161]

Pore type Silicon nitride | Silicon nitride | Quartz a-Silicon

nanopipette

Pore conductance | 10 4.5 27-43 20-30

(1S)

Pore diameter (nm) | 3.5 5 20 <2

Bias (mV) 600 1000 800 900

AT (nA) 1.2 1 0.22 15

Chore (DF) 6 <1 1-10 3

Cheadstage (PF) 2 20 3.5 3.5

v, (nV/v/Hz) 5 1 2 3.15

Max. bandwidth | 1 1 0.2 10

(MHz)

Input-referred noise | 155 110 29.3 2230

Table 4.2: Comparison of this work with other high-bandwidth DNA translocation
studies through solid-state nanopores

and glass passivation to enable recording bandwidths as high as 10 MHz. A compar-

ison to the current state of the art reveals that this platform currently enables the

highest reported recording bandwidth for DNA translocation through nanopores.
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Chapter 5

Wavelet Denoising of
Nanopore and Ion Channel

Recordings

5.1 Introduction

Solid-state nanopores can be considered to be the biomimetic analogs of leaky ion
channels. While not generally gateable, recordings from translocation experiments in
solid-state nanopores show striking similarities in terms of the signal shape to those
from single ion channels. The instrumentation amplifier used for both these types of
recordings is thus, largely identical. Advancements in the design and integration of

these amplifiers have led to significant improvements in the measurement bandwidth
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of these recordings [59, 60, 162, 163].

This chapter explores the use of wavelet denoising for further improving the SNR
in high-bandwidth nanopore and ion channel measurements. Having optimized the
hardware as discussed in Chapter 4, optimizing the signal processing forms the next

logical step in developing a low-noise recording platform.

5.2 Traditional approaches to denoising

A standard technique for improving the SNR after measurement is to low-pass filter
the data. The term low-pass here refers to the frequency domain in that low-frequency
signals are allowed to pass through with their magnitudes unaltered while the mag-
nitudes of high-frequency signals are suppressed. Most classical filters are designed
in the frequency domain. Of the variety of filters that can be thus designed, Bessel
and Gaussian filters have found popular use in nanopore and ion channel recordings
because of their uniform group delay characteristics [5].

Besides Bessel filters, a number of approaches based on Hidden Markov Models
(HMMs) have been applied to denoise nanopore [164-166] as well as ion channel [167—
170] recordings. Markov models are used to analyze systems that consist of states
that transition to and from each other and can be directly observed. HMMs add an
extra layer of depth in that the states are not observable directly. While HMMs are
an extremely powerful technique, the assumption of an underlying model is, by defi-
nition, necessary. Further, HMM-based denoising techniques can be computationally
expensive. Most such implementations also assume that the additive noise is spec-
trally white implying that the correlation in the noise between measurement points
is 0. This does not hold in the context of high-bandwidth nanopore and ion channel
recordings where the corrupting noise has an f? input-referred PSD. Workarounds
for this have been proposed that involve the use of “meta-states” but these further

increase the computational complexity [167].
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In comparison, frequency-domain filters make no assumptions about the under-
lying model itself and are relatively computationally cheap. However, they are not
particularly suited for denoising temporally localized signals such as a pulse. Fig-
ure 5.1 shows a simulated pulse and its corresponding Fourier transform. The sim-
ulation replicates the sampling of a continuous-time pulse with a width of 1us and
an amplitude of —10nA at a rate of 40 MSPS. The plot reveals that information is
spread across a range of frequencies with many non-zero coefficients. This is because
the Fourier transform uses sinusoids that exist for all time as its basis functions and
a large number of such sinusoids are necessary for accurately representing a time-
limited signal like a pulse. Low-pass filters serve to reduce the amplitude of the high

frequency components and consequently smooth the signal.
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Figure 5.1: Simulated (a) 1pus pulse at 40 MSPS and (b) its corresponding Fourier
transform

5.3 Wavelet transform

While the Fourier transform uses sinusoids of different frequencies as its basis func-

tions, the wavelet transform uses scaled and shifted versions of a “mother wavelet”
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¥ (t). The scaled and shifted version is related to its mother wavelet as

baolt) = \}aw (t - b) (5.1)

where a is the scaling factor and b is the translation factor. The inner product of this

window with the signal of interest then gives the wavelet transform as

X (a,b) = ;E_Z " <t;b> ()dt (5.2)

where the * denotes complex conjugation. This approach is similar to the windowing
approach used in the short term Fourier transform (STFT). The key difference is that
the STF'T utilizes a window of a fixed width and hence provides fixed temporal and
frequency resolution across frequencies. In comparison, the wavelet transform uses
windows of varying widths which provide fine temporal resolution for high frequency
components and fine frequency resolution for low frequency components.

While the continuous wavelet transform is a useful tool, it is the discrete wavelet
transform (DWT) that is of particular relevance in practical scenarios. DWTs have
found popular use in image compression algorithms [171, 172] since it can be effi-
ciently computed using a pyramidal algorithm [171]. The DWT computes the wavelet
transform coefficients at a particular decomposition level j. At every j, the wavelet
function ¢;(z) has a counterpart ¢;(z), termed the “scaling” function, such that the
two are orthogonal to each other.

For computational efficiency equivalent to that of the fast Fourier transform
(FFT), the DWT employs dyadic scaling which implies that a = 27. Further, b = k27
such that translations are only by integer amounts. A consequence of this choice
of b is that low frequency components (large j) are shifted by larger amounts than
high frequency components (small j). This trade-off is acceptable since low frequency
components, by the sampling theorem, do not need to be sampled as finely as high

frequency components. Further, the scaling and wavelet functions are related by the
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equations
j(x) =3 gndj—1(x —n) (5.3)
bi(x) = hnoji(z —n) (5.4)

where g, and h,, are discrete-time filters that relate how functions at a lower level of
decomposition relate to those at a higher level. Thus, since ¢;(z) can be analyzed
exactly by using ¢;_1(z), it is evident that any function that can be analyzed using
¢;(x) can also be analyzed using ¢;_; (). The DWT coefficients can now be computed

using g, and h,, as
dj [TL] = Z hk * aj,l[Qn — k] (55)
k

ajln] = Zk:gk *aj_1[2n — k| (5.6)

where d;[n| and a;[n] are termed the “detail "and “approximation” coefficients at
level j and represent the inner product of the signal x[n] with the wavelet and scaling
functions respectively. Note that ag[n] = x[n] and the subsequent detail and approx-
imation coefficients can be computed once g, and h, have been determined. With
DWT, the approximation and detail coefficients at every level are downsampled by
a factor of two to remove redundancy of information. This scheme is depicted in

Figure 5.2 for decomposition up to J levels.

[n] oin |2 oin 2. L 2o T am
h[n] L da[n] hn] L dafn] hIn] s dyfn]

Figure 5.2: Block diagram of the wavelet transform. In the DWT, the approximation
and detail coefficients are downsampled by a factor of two at each stage (not shown
in figure).

In general, the detail coefficients represent the high frequency components at a

particular level whereas the approximation coefficients represent the low frequency
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components. The DWT results in a non-redundant representation of the signal such
that a signal of length N yields N total wavelet coefficients. The stationary wavelet
transform (SWT) is a variant of the DWT that does not downsample the detail and
approximation coefficients at each level. Thus, a signal of length N yields a total of
N(J + 1) wavelet coefficients for J levels of decomposition (N detail coefficients for
each of the .J levels and N approximation coefficients at the J*™ level).

Figure 5.3 shows the approximation and detail coefficients at the first level of
decomposition for the pulse shown in Figure 5.1a using the biorthogonal 1.5 wavelet
as the wavelet basis. Compared to the Fourier Transform shown in Figure 5.1b, a
lot fewer coefficients in the SWT are non-zero. In principle, this should allow for

denoising schemes that reduce noise without smoothing the signal as aggresively.
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Figure 5.3: SWT of a simulated 1 ps pulse

5.3.1 Denoising using the wavelet transform

The use of wavelet transforms for denoising has been explored extensively over the
last few decades [173]. While several variations are possible, the basic framework for
all the denoising schemes is more or less identical. The following steps are performed

in a typical wavelet based denoising scheme:

1. Choose a wavelet basis
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2. Choose the maximum decomposition level J

3. Compute the DWT/SWT for the signal z[n] to obtain detail coefficients d;[k]
and approximation coefficients a;[k] where j = 1,---,J and the range of k

depends on the choice of DWT or SWT
4. Calculate the noise threshold A; for d;[k]
5. Choose a thresholding scheme T" and threshold d;[k] to obtain d[k]
6. Perform the inverse DWT/SWT using a;[k]| and d;[k]

While the wavelet denoising procedure described here is for one-dimensional sig-
nals, it can be easily extended to higher dimensional signals. The following parameters

must be considered carefully for achieving good denoising:

Wavelet transform The SWT yields a highly redundant representation of the in-
put signal and is computationally more expensive than the DW'T. However, the
DWT is not translation-invariant which can cause artifacts during reconstruc-

tion after denoising [174].

Wavelet basis The wavelet basis should be chosen so as to concentrate the signal in-
formation into a few high-valued coefficients while the noise is spread uniformly
across coefficients. This usually occurs when the scaling function resembles the

signal of interest.

Levels of decomposition Higher levels of decomposition afford greater denoising

but also smooth the signal to a greater extent and vice versa.

Threshold The threshold seeks to demarcate coefficients that are due to noise from
those that are due to the signal. Large threshold values can suppress noise to

a greater extent but also risk suppressing actual signal information.
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Thresholding scheme Once a threshold has been chosen, the scheme determines
how coefficients with values larger than the threshold are handled. An aggres-
sive scheme would leave these coefficients unaltered and risk generating recon-
struction artifacts while a conservative scheme would reduce the magnitude of

these coefficients and risk reducing signal amplitudes.

Wavelet transform and denoising of time-series data has been explored in a wide
variety of contexts [175-179]. Specifically, wavelet denoising has been used to improve
SNR of data from ensemble ion channels [180], Coulter counter [181] and nanopore
data [182]. However, the intrinsic SNR available at high bandwidths in these studies
was relatively low due to the absence of electronics optimized for high-bandwidth

measurements.

5.4 Wavelet denoising of simulated pulses

The pulses here are simulated assuming that they were sampled at a rate of 40 MSPS
in order to mimic the data acquisition system described in Section 3.4.4. The pulses
are nominally generated with a width of 1ps unless described otherwise. They are
padded with 5000 points (125ps) on either side. Finally, the amplitudes are as-
cribed units of nA (magnitude nominally 10nA) although wavelet denoising itself is
amplitude-agnostic and should work with other signals, such as voltages, too [183].

Of the various possible noise sources, the two most likely to dominate high fre-
quency noise performance - white and f? - are added to the pulses in order to model
the actual measurement setup. White noise samples with a normal amplitude distri-
bution are easily generated in Python. To simulate f? noise, white noise of standard
deviation o//2 is first generated. The derivative of this then creates noise with an
f? PSD and a standard deviation of ¢ as desired.

For the reasons described in Section 5.3.1, the SWT is preferred over the DWT.
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Previous work has suggested ways to automate determining the optimal number of
levels of decomposition [184]. However, this scheme does not work well for the f?
noise that is of interest here and is not used. Instead, the levels of decomposition
are adjusted on a case-by-case basis in order to offer good denoising while retaining
sharp transitions.

Wavelet processing is performed in Python using the PyWavelets module [185].

5.4.1 Choice of wavelet basis

The choice of wavelet basis can greatly impact the performance of wavelet denoising.
In this work, the optimal basis is determined in the sense of minimizing the mean
squared error (MSE) when compared to the ground truth of a noiseless pulse. A 1ps
long pulse sampled at 40 MSPS is corrupted with f2 noise with ¢ = 8 nArms. Note
that the noise is spread across the entire available bandwidth of 20 MHz. With a
pulse amplitude of 10nA, this results in an initial SNR of 2dB.

For each wavelet basis, five levels of SW'T decomposition and garrote thresholding
are used. The threshold is determined using the level-dependent threshold (LDT).
The MSE is computed on a 5ps long window around the actual pulse. All the
wavelets available within the PyWavelets module are included in this test. This

includes wavelets belonging to the following families:

e Haar (haar)

Daubechies (db) [186]

Symlets (sym)

Coiflets (coif)

Biorthogonal (bior) [187, 188]

Reverse biorthogonal (rbio)

102



e Discrete approximation of the Meyer wavelet (dmey)

totaling 106 different wavelet bases.

Figure 5.4 plots the ten bases with the lowest MSE. The three wavelet bases with
the lowest MSEs are consistently rbio3.1, rbio3.3 and biorl.5. Visual inspection of
the rbio-filtered time traces showed that while these denoised pulses have extremely
fast rising and falling edges, they suffer from significant ringing near transitions. As

a result, the biorl.5 wavelet is chosen as the basis for the denoising discussed here.

Mean Squared Error (nA?)

DY

> > s > o A 2 2 A !
R I P P S N U it

Wavelet basis

Figure 5.4: Effect of wavelet basis on the MSE of a wavelet denoised pulse

The numbers in the bior and rbio naming schemes refer to the number of vanishing
moments in the analysis and synthesis filters. Biorthogonal (and rbio) wavelets are
different from the classical wavelets because they use separate scaling and wavelet
functions for analysis and synthesis. Unlike traditional wavelet families, ¢;(z) and
Y;(z) at a given j are not orthogonal complements of each other in the space spanned
by ¢;_1. However, the separation of the functions used for analysis and synthesis

allows for the corresponding filters to be symmetric and linear phase.
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For biorthogonal wavelets, the analysis scaling and wavelet functions are denoted
by ¢(x) and 1(z) respectively while the synthesis scaling and wavelet functions are

denoted by qg(x) and @Z)($) respectively. Figure 5.5 plots these functions for biorl.5.

Analysis scaling function Analysis wavelet function

Synthesis scaling function Synthesis wavelet function

Figure 5.5: Analysis and synthesis scaling and wavelet functions for biorl.5

As is the case with the traditional wavelets, corresponding filter banks g, h,, Jn
and h,, can be defined for the biorthogonal analysis and synthesis scaling and wavelet

functions. These are related to the various functions by the following equations

¢;(x) = En:gncbj—l(w —n)
bi(x) = Zn: hnj-1(x —n)
¢;(z) = zn:gncgj—1(95 —n)
i(x) = Xn: hnj—1(a —n)

and are shown in Figure 5.6.
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Figure 5.6: Analysis and synthesis scaling and wavelet filter banks for biorl.5

5.4.2 Choice of wavelet threshold and thresholding scheme

Choosing the appropriate threshold and thresholding scheme is imperative when de-
noising using wavelets. The threshold value needs to be chosen high enough such that
most of the noise-related detail coefficients have magnitudes less than the threshold
but low enough such that the signal-related detail coefficients do not fall below the
threshold. It is common to use a scaled version of the standard deviation of the noise
in the detail coeflicients at a particular level (o;) as the threshold ();). If pure-noise
data is available, that can be used to compute o; directly. In many instances, it
is hard to obtain such signal-free recordings and in such cases, the median absolute

deviation (MAD) is a robust estimator for o; and is given by

_ median(|d;[k] — mean(d;[k])|)
%= 0.6745 o7

where the scaling factor of 0.6745 is for noise with a Gaussian amplitude distribution
which is a valid assumption for the noise types discussed here.

Once o; is known, a variety of techniques have been proposed for determining
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Aj. These include the universal threshold [189], LDT [190], Stein’s Unbiased Risk
Estimate (SURE) [173], minimax threshold [189], and the Bayesian threshold [191].
Of these, LDT performs especially well in the presence of correlated noise. It is also

straightforward to calculate and is related to o; as

A = 0;1/21n (N;) (5.8)

where Nj; is the number of detail coefficients at level j and is the same as the length
of the input signal itself in the case of the SWT.

After A\; has been established, a variety of choices also exist for the thresholding
scheme T'. These include the classical hard and soft [189], firm [192], non-negative
garrote [193], and others [184, 194]. The mathematical expressions for some of these

thresholding schemes are shown below

0, iffz| <A

Thard(l’, )\) = (59)
x, if |z] > A
0, if |2 < A

Tsoft<x7 /\) - (510)

sign(z)(|z| — A), if |z] > A

0, if |[x] <A
Tgarrote<x7 )\) = 2 (511)

m—)\—, if |z| > A
T

A - A
Them (7, A) = sign(m)2§\|x|)\l), if Ay < |z| < Ao (5.12)
2 — A1
x, if |x] > Ao

Of the thresholding schemes described above, only firm thresholding requires an
additional threshold to be set. Figure 5.7 visualizes the effect of the schemes listed
above with A = 2 and the input z varying from -10 to 10. For firm thresholding,

A1 = 2 and Ay = 2)\; = 4 are used. Hard thresholding leaves all coefficients larger
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than the threshold unchanged. As a result, there often are discontinuities when
denoising using hard thresholding due to some noise coefficients that are just larger
than the threshold passing through unaltered. On the other hand, soft thresholding
suppresses all coefficients that are larger than the threshold, including those with
amplitudes much larger than the threshold that are likely to be from the signal. As a
result, while the denoised output is free of visual artifacts, the signal is significantly
smoother than in the case when hard thresholding is used. Garrote thresholding
offers a reasonable compromise between the two by gracefully transitioning from soft
thresholding for values near the threshold to hard thresholding for values that are far

from the threshold.

Effect of thresholding scheme on detail coefficients

10.0 1 —— Hard thresholding
—— Soft thresholding
7.5 1 —— Garrote thresholding

—— Firm thresholding
5.0 1

1
1
1
1
1
1
1
1
1
1
1
1
2.5 1
1
1
1

0.0 A

—-2.51

Thresholded value (a.u.)

—5.0 A1

—7.51

—10.0 A

-10 -8 -6 -4 =2 0
Input value (a.u.)

N = o o o o

Figure 5.7: Input-output relationship for various thresholding schemes. A = 2 for all
the schemes except firm where \; = 2 and Ay = 2\ = 4.

5.4.3 Comparison to Bessel filters

Bessel filters are commonly used to denoise recordings from nanopore and ion chan-

nels. Thus, the performance of wavelet denoising is directly compared to that of
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fourth-order Bessel filters at different cutoff frequencies for simulated pulses. Fig-
ure 5.8a shows an example of a 1 ps pulse corrupted by white noise to an initial SNR
of =~ 2dB. The noisy pulse is then filtered using fourth-order Bessel filters with cutoft
frequencies of 1 MHz, 2.5 MHz, 5 MHz and 10 MHz respectively to mimic the process-
ing described in Section 4.9. The same pulse is also denoised using five-level SWT
with LDT and garrote thresholding. Figure 5.8b implements the same parameters

but for f? noise instead of white noise.
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Figure 5.8: Simulated 1ps long pulse corrupted with (a) white and (b) f? noise to
an initial SNR of approximately 2dB. The pulse is filtered using fourth-order Bessel
filters as well as wavelet denoising. Wavelet denoising offers good noise suppression
while retaining edge sharpness.

Wavelet denoising performs especially well in the context of f2 noise offering

significantly lower noise than the Bessel filters while still retaining edge sharpness.

5.4.4 Effect of pulse width and initial SNR

It is important to also evaluate the effect of the pulse width on the performance
of wavelet denoising. Figure 5.9a shows that over 500 iterations of the simulation,
wavelet denoising offers good signal-shape retention when compared with the same set
of fourth-order Bessel filters. The initial pulse width is varied from 100 ns to 1 pus and

the initial SNR is set to be 14 dB with white noise PSD. The line y = x represents the
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output of the ideal filter that removes noise without distorting the signal whatsoever.
Wavelet denoising retains pulse-width information better than both the 1 MHz and
2.5 MHz Bessel filters. Figure 5.9b repeats the simulation again but with f? noise
instead of white noise. Here, wavelet denoising offers pulse-width retention similar to

that offered by the 2.5 MHz Bessel filter.
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Figure 5.9: 500 pulses are simulated with widths ranging from 100ns to 1pus and
corrupted with (a) white and (b) f? noise to an initial SNR of approximately 14 dB.
The pulse is filtered using fourth-order Bessel filters as well as wavelet denoising. The
y = x line represents the output of an ideal filter that does not distort the signal.

Besides the temporal response, it is also necessary to test the effect of the initial
SNR on the performance of wavelet denoising. This is because, unlike Bessel filters,
wavelet denoising is a non-linear operation. While the forward and inverse wavelet
transforms themselves are linear operations, none of the thresholding schemes ex-
plored here are. Figure 5.10a shows that when averaged over 100 simulations, wavelet
denoising offers SNR improvements compared to all of the Bessel filters evaluated
here. For these simulations, a 1 s pulse is corrupted with white noise to the initial
SNR indicated. Wavelet denoising is performed using a five-level SWT with LDT and
garrote thresholding. The actual calculation is for the reduction in the baseline noise
level. However, since the amplitude of the signal remains unchanged in all of these
filtering schemes, reduction in baseline noise directly translates to an improvement in

SNR. For white noise, wavelet denoising offers an SNR improvement of over 5dB com-
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pared to the 2.5 MHz Bessel filter while exceeding its shape-retention characteristics

(Figure 5.9a).
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Figure 5.10: 100 1ps long pulses are simulated and corrupted with (a) white and
(b) f? noise to a range of initial SNR values. The pulse is filtered using fourth-
order Bessel filters as well as wavelet denoising. When averaged over 100 simulations,
wavelet denoising offers consistent SNR improvements compared to all the Bessel
filters evaluated here.

The SNR improvement is even higher when the noise is f? instead of white (Fig-
ure 5.10b). Here, wavelet denoising achieves ~ 17dB improvement in SNR while
simultaneously offering edge sharpness like that offered by the 2.5 MHz Bessel filter
(Figure 5.9b).

5.5 Wavelet denoising of nanopore recordings

The simulations presented in the previous section were designed to mimic the nanopore
recordings described in Section 4.9. Given the improvements that can be obtained in
a simulated context, wavelet denoising was then applied to high-bandwidth nanopore
recordings. The data analysed here are obtained using Pore 6 (Cpore = 3pF, d =
1.2nm x 1.7nm, teg = 8nm) in 3 M KCI (Figure 5.11). The pore is passivated with
glass as described in Section 4.9 in order to reduce its membrane capacitance. 90 nt

ssDNA is then added to the solution and its translocation through the nanopore is

110



recorded at a bias voltage of 700 mV. The SNR at 10 MHz bandwidth is greater than

Six.

Figure 5.11: TEM image of the 1.2nm x 1.7 nm solid-state nanopore

Figure 5.12 shows a 0.2s long time trace of the current through this nanopore.
The raw data are filtered to bandwidths of 500 kHz, 1 MHz, 2.5 MHz and 5 MHz using
fourth-order Bessel filters. The same data are also denoised using wavelets with eight-
level SWT using LDT and garrote thresholding. The numbers in the legend indicate
the baseline noise level in units of pAgrys, as calculated from the standard deviation
of the time trace over an event-free 1 ms window. In these measured data where both
white and f? noise contaminate the signal of interest, wavelet denoising performs
remarkably well, offering lower noise than that achieved even by the 500 kHz Bessel
filter.

The zoomed-in plot shown in Figure 5.12 shows that the wavelet denoised event
has better shape retention than the 1 MHz filtered event and comparable to that of
the 2.5 MHz filtered event. The baseline noise is reduced by approximately 12 dB com-
pared to the 2.5 MHz Bessel filter. The similarities in the signal-shape preservation
properties of the 2.5 MHz filter and wavelet denoising also hold in a statistical context.
Figure 5.13 shows the amplitude vs dwell-time histogram of over 1000 translocation

events. The dwell-time here is calculated as described in Section 4.5. The event count
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Figure 5.12: Time trace of 90 nt ssDNA translocation through a nanopore in 3 M KC1
at 700mV bias. The same signal segment is filtered to different bandwidths using
Bessel filters vs eight-level SWT with LDT and garrote thresholding. The numbers
in the legend indicate the noise level (in pAgyg) calculated over a 1ms window.
The expanded time-trace of a single event shows that wavelet denoising offers shape
retention better than the 1 MHz filter and comparable to that of the 2.5 MHz filter.
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(indicated in the legend) as well as the spread of events are extremely similar for the
2.5 MHz filtered data and the wavelet denoised data. Events were detected here with

a simple thresholding algorithm (Section 4.5) with SNR,,;, = 8.
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Figure 5.13: Amplitude vs dwell-time histogram showing that the wavelet denoised
trace statistically offers nearly identical performance compared to the 2.5 MHz filter.
Event count is indicated in the legend. Events were detected with an 8o threshold
from the baseline.

5.6 Wavelet denoising of ion channel recordings

Given the many similarities between ion channel and nanopore recordings, it is also
possible to use the system designed in Chapter 3 for studying single ion channel activ-
ity. The ion channel used in this study [163] is the Type 1 ryanodine receptor (RyR1).
RyR1 is a Ca?T-induced Ca?* release channel that is found on the sarcoplasmic retic-
ulum in skeletal muscle and has been implicated in major human diseases including
heart failure [195], sudden cardiac death [196] and muscular dystrophy [197].

The packaging process for measuring ion channels is different from that described

in Chapter 4 for solid-state nanopores. This process was developed by collaborators
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in the lab at Columbia University and consists of forming a microwell on top of the
on-chip electrode, creating a lipid bilayer on this well, and incorporating a single ion
channel into this bilayer. The packaging process is briefly described below.

Photoresist (Shipley 1813, Microchem) is patterned on the CMOS chip surface
with 150 pm x 150 pm openings over the electrodes on a Suss MicroTec MA6 mask
aligner. These openings are then used to etch the aluminum electrodes (Transene
Al Etchant Type A), leaving the titanium nitride diffusion barrier underneath ex-
posed. This step is similar to the aluminum etching described previously in Sec-
tion 4.2.2. Next, 5nm of titanium and 400-500 nm of silver are electron-beam evap-
orated (Angstrom EvoVac) on the surface covering the photoresist as well as the
exposed titanium nitride electrode. The photoresist is lifted off in an acetone bath
overnight. To form the SU-8 microwell, the chip surface is first primed with hexam-
ethyldisilazane (HMDS-100%) (Transene). Next, a 5-7 pm thick layer of SU-8 3005
(Microchem) is spun onto the die and 30 pm diameter circular openings are patterned
using an EVG 620 mask aligner with a dose of 300 mJ/cm?.

The CMOS chips are then assembled onto the same package described in Sec-
tion 4.2.1 and the Ag microelectrode is chlorided chemically as described in Sec-
tion 4.2.2.

The lipids are prepared by mixing together 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC) and DOPE at 5:3 (% mol) (both from Avanti Polar Lipids). The lipid mix-
ture is dried under a nitrogen stream to remove the chloroform and then reconstituted
in n-decane (Sigma-Aldrich). To form a membrane over the SU-8 well, a pipette tip
is dipped into the lipid solution and then transferred into the buffer solution, where
an air bubble is formed and brushed over the SU-8 opening, forming a bilayer. The
formation of the bilayer is ascertained by applying a fixed potential difference between
the two electrodes and monitoring the current flow. Once the bilayer is formed, it
introduces a large series resistance between the two electrodes and consequently, the

current drops to 0.
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Proteoliposomes containing RyR1 are then prepared from rabbit skeletal muscle.
Glycerol is added to the proteoliposome lumen to promote fusion with the bilayers
using ultrasound treatment. Approximately 1-2 pL of the proteoliposome solution
is added to the cis chamber which has a volume of approximately 1mL. The ion
channel recordings are performed at room temperature in a buffer solution (7.3 pH)
containing 20 mM Hepes, 1 M KCI, 1 mM EGTA, 1 mM ATP, and 40 pM free Ca?*.

Figure 5.14 shows a schematic of this experimental setup. The data are recorded
using the same acquisition system described in Section 3.4.4 with a sampling rate of
40 MSPS. However, since the signals here are not as large in amplitude as in the case
of the solid-state nanopores, the data are first filtered with a fourth-order Bessel filter

at 1 MHz and then downsampled to 4 MSPS.
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Figure 5.14: Schematic of the high-bandwidth ion channel measurement setup. A
single RyR1 channel is incorporated into a suspended lipid bilayer created on an
SU-8 well fabricated directly on top of the CMOS amplifier chip.

Figure 5.15 shows an example of a 1 s long time trace showing single RyR1 channel

activity at an applied bias voltage of 200mV. The data are further filtered using
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fourth-order Bessel filters with cutoff frequencies of 25 kHz, 100 kHz and 500 kHz. The
1 MHz filtered data are also denoised using a seven-level SWT with hard thresholding.
The thresholds used here are extracted from the wavelet transform of pure-noise data
recorded before the start of the experiment. This is necessary since the ion channel
data show a relatively larger number of events compared to the nanopore data, which
can lead to inaccurate estimation of the thresholds.

The expanded time traces shown in Figure 5.15 indicate that the wavelet denoised
data retain temporal features better than those seen in the 100 kHz filtered data. The
25 kHz filter, on the other hand, significantly attenuates the amplitude of short-lived
events.

The use of the hard thresholding scheme results in the upward spikes visible
in Figure 5.15. Figure 5.16 plots a zoomed-in version of one such spike. The spike
resembles the synthesis high-pass filter shown in Figure 5.6 and can be easily discarded
from analysis because of its unphysical nature.

Figure 5.17 plots the all-points amplitude histogram for the time traces shown
in Figure 5.15. Two key findings are evident. First, wavelet denoising offers noise
performance comparable to that of the 25kHz filter as shown by the width of the
peak near the open channel current. Second, wavelet denoising preserves intermediate
states in the histogram that are rendered invisible by the surrounding noise in the
100 kHz filtered data. The fact that the same peaks show up in the histogram for the
25kHz filtered data confirms that these features are real and not an artifact of the

wavelet denoising process.

5.7 Summary

This chapter discussed the use of wavelet transforms for denoising high-bandwidth
nanopore and ion channel signals. Compared to Bessel filters, wavelet denoising of-

fers a superior combination of shape retention and SNR in both simulations and
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Figure 5.15: 1s long time-trace of single ion channel recording filtered to different
Bessel filters and denoised using a seven-level SWT with hard
thresholding and LDT thresholds extracted from noisy data. The upward spikes in
the wavelet denoised trace are artifacts created by the hard thresholding scheme. The
expanded trace of a single event shows that wavelet denoising offers shape retention
comparable to that of the 100 kHz Bessel filter and significantly better than the 25 kHz
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the peak near the open channel current.
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measurements. Combined with recently achieved high-resolution cryogenic electron
microscopic structures of RyR1 [198, 199], improved SNR recordings hold the poten-
tial to provide important insights concerning ion channel regulation and mechanisms
of dysfunction linked to human diseases that may lead to new therapies. Greater
edge sharpness in nanopore recordings will particularly help in analyte detection ex-

periments where accurate estimation of the dwell time is necessary [57].
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Chapter 6

Design of an Integrated

Multi-Clamp Amplifier

6.1 Introduction

Intracellular electrophysiological recordings from neurons is a high-fidelity neuro-
science technique that enables the fundamental understanding of neuronal compu-
tation and function [5]. These recordings are typically performed using glass pipettes
with micro or nanometer scale diameters mounted on a micromanipulator. The
pipette and the bath are filled with solutions containing electrolytes and the pipette
is lowered into the bath. An electrode placed in the pipette is then connected to
an amplifier headstage. The amplifier is operated in either current- or voltage-clamp

mode, depending on the study and parameters of interest (Figure 6.1).
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Recording these pV-to-mV scale voltages in current-clamp and pA-to-nA scale
currents in voltage-clamp necessitates the use of precision low-noise instrumentation
amplifiers similar to the one described in Chapter 3. Benchtop amplifiers perform
these recordings with high SNR [122]. However, they use discrete components in
their design, increasing the cost and weight of these systems while limiting their
bandwidth and scalability. IC-based solutions can address these problems but have
been difficult to realize owing to the large resistance values required in these designs
and the resultant limits in dynamic range. While several efforts have demonstrated
either current-clamp [200], or voltage-clamp separately [125-127, 134, 201, 202], only
a few have combined both and the requisite compensation circuitry onto a single chip
[128, 129].

Here we explore the design and testing of a CMOS IC that includes both current-
and voltage-clamp capabilities with a shared input and the ability to switch between
the two modes. The IC was designed in a commercial CMOS 0.18 pm process and
occupies an area of 2.725 mm x 3.225 mm. The die photograph of the chip is shown

in Figure 6.2.

6.2 Current-clamp

6.2.1 Design considerations

A current-clamp amplifier is required to measure intracellular or extracellular voltages
with respect to a reference electrode located in the bath that the cell is placed in.
Ideally, the amplifier should have a high-impedance input so as to not load the voltage
source that is being measured. A voltage buffer with a high input impedance is
commonly used as the first stage of a current-clamp amplifier. In the special case
where the injected current I;;,; = 0, the only additional circuitry that is needed is that

required to compensate for C, (Figure 2.7). C, is typically of the order of a few pF.
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Figure 6.1: Schematic depicting a typical intracellular recording from a neuron using
a pipette. The amplifier can be operated in either current- or voltage-clamp modes
and has dedicated compensation circuitry to account for the non-idealities associated
with the pipette.

o18/0/6/6/0/6/016 1818 L 0] | | | oo

sisivieieoo @

-~

581888

4
-
4
=
4

20NNOON00000000,

Y

1T mm
Figure 6.2: Die photograph of the multi-clamp amplifier chip
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The exact magnitude of C), is governed by the specifics of the pipette geometry and
the insertion depth [123].

In many cases, it is desirable to inject controlled amounts of current into the cell
in order to elicit activity. If the cell is patched in the whole-cell configuration, a
holding current may need to be applied in order to maintain the cell at its RMP.
The magnitude of the current injected is usually in the pA—nA range and must be
programmable. If a current is being injected into the cell through the pipette, a
voltage drop of I;,;Rs develops across Rg and causes the measured voltage to be
different from the membrane voltage. While circuit solutions to this problem are
possible, if Rg is determined before the start of the recording and is assumed to

remain unchanged, the offset voltage can be exactly canceled in software.

6.2.2 Voltage buffer

The voltage buffer in the current-clamp circuit consists of an OTA in unity-gain
feedback. Figure 6.3 shows a transistor-level schematic of the two-stage OTA used
in this design. The first stage consists of a dual n- and p-input differential pair in a
folded cascode configuration. The dual inputs allow for rail-to-rail input swing. The
common-source second-stage allows for rail-to-rail output swing and provides further
amplification. The amplifier is stabilized using Miller-compensation, with a series
resistance to cancel out the right-half plane zero.

The input transistors are each sized 160 pm/1pm. The large sizes add to the
total capacitance at the input of the OTA but help reduce flicker noise and voltage
offsets due to random mismatch. Systematic offsets are minimized through the use of
inter-digitation and by surrounding the input pair transistors with dummy devices.
Thick-oxide variants are used for all the input-pair transistors in order to reduce gate
leakage to sub-fA levels. The transistors are biased in extreme weak inversion in

order to maximize their g,,/I;.
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The bias circuitry adjusts the currents through the input-pair transistors in order
to ensure a relatively flat g, across the input common-mode range. This is done
by sensing the common-mode voltage at the differential inputs (V. + V_)/2. Replica
devices in the bias circuit are then used to steer current away from the bias generation
block for the tail current sources when both sets of input pairs are on. When the
common-mode voltage approaches Vpp, the PMOS input pair turns off. The bias
generation block then increases the amount of current flowing through the NMOS
input pair in order to maintain the g,, approximately constant [203].

Under nominal biasing in the typical corner, simulations for the OTA showed that
it is unity-gain stable and has a UGB of approximately 10 MHz. This is far in excess
of the < 10 kHz bandwidth that is typically required for intracellular voltage measure-
ments. However, this same OTA design is used across the chip and the bandwidth
requirement is dictated by other blocks. The OTA occupies an area of 140 pm x 90 pm

including the three units of the 20 pm x 20 pm compensation capacitor.

6.2.3 Capacitance compensation

The capacitance compensation circuit implemented here is based on the classical
idea illustrated in Figure 2.8. The technique utilizes positive feedback. The filtered
membrane voltage at the pipette (V},) is sensed and buffered through the voltage
buffer as Vi, r. The buffered voltage is then multiplied by a scaling factor o with
magnitude usually between 1 and 2. Lower values of « help reduce the noise injected
by the capacitance compensation circuitry. aVj,s is then applied to one terminal of
the injection capacitor with the other terminal connected to the input of the voltage
buffer and the pipette establishing a potential difference of (aw — 1)V, across the
capacitor if Vi, r = V). Thus, the effect of C, can be reduced if (o — 1)Cj,; — C,,.
The stability of the capacitance compensation loop worsens as the value of (a—1)Cjy,;

approaches that of C), from below.
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Figure 6.4: Schematic of the capacitance compensation circuit. A is a ten-bit pro-
grammable value that controls the gain while B is a two-bit programmable value that
controls the magnitude of the injection capacitor.
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Figure 6.4 shows the block diagram of the on-chip implementation of the capaci-
tance compensation circuitry. Here, « = A is a ten-bit digitally programmable value.
Each of the opamps in non-inverting configuration provide a gain between 1 and 2
and proportional to the value of the appropriate bits of A. The upper path can be
considered to provide the “fine” control over the amount of capacitance compensa-
tion while the lower one provides the “coarse” control. Splitting the amplification
into two blocks increases the overall power consumption but decreases area and lay-
out complexity and reduces the effect of parasitic capacitances in the programmable
resistors.

The injection capacitor is made two-bit programmable (B in Figure 6.4) with the
unit having a magnitude of 5 pF. The possible values for Cj,; are thus 5 pF, 10 pF and
15pF. The smallest change that can be made in Cj,; depends on the magnitude of
Cinj itself since the minimum change in A is fixed at 1/1024. Thus, AC' = C},,;/1024
and is approximately 5fF, 10fF and 15fF respectively, for the three configurations
possible here.

Matching between the programmable and fixed resistors of the non-inverting am-
plifier is critical to achieving accurate amplification since the absolute value of the
resistance can vary due to process and temperature variations. Appropriate layout
techniques are followed to ensure good matching. The capacitance compensation

circuit occupies a total area of 980 pm x 440 pm.

6.2.4 Current injection

Figure 6.5 shows a simplified implementation of the current injection circuitry [122].
The pipette voltage is measured and then added to a command voltage V.ommand-
This sum is then applied to one terminal of a large resistor while the other end of the
resistor is connected to the input of the voltage buffer and the pipette. The effective

voltage drop across the resistor is then Vipmmana (assuming V, ~ Vj,¢) which causes
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a proportional current to be injected into the pipette. Typically, the largest V.ommand
that can be applied is fixed and related to the supply voltage. Hence, the magnitude

of the resistance used sets an upper limit on the largest current that can be injected.

+ Vcommand

To pipette < / Viu

Figure 6.5: Simplified block diagram of the current-clamp current injection circuit

Despite the limit they place on the maximum current that can be injected, large
values of R;,; are desirable to reduce the noise contributed by R;,;. However, a
parasitic capacitance across R;,; can act as a low impedance path for high frequency
currents. Thus, a step change in V_.,mmang Will result in a current pulse with slow rise
and fall times. Further, large resistances have traditionally been difficult to realize
on a CMOS chip for reasons described in Section 3.3.4. The current injection circuit
implemented here uses a resistor followed by an active current reducer similar to the
feedback network described in Section 3.3.4 [132].

Figure 6.6 shows the circuit schematic of the on-chip current injection block. The
summing block shown in Figure 6.5 is implemented using an opamp. The output
of the opamp is Viommana — Vour + Vius which is applied across a resistor whose
other end is held at Vj,; by the following opamp. The net current injected into the
resistor is thus (Veommana — Vo )/ R. The common-mode voltage Vi, is set to Vpp /2
and is connected to the bath electrode. V_,mmana is specified around this DC level.
The injected current then goes through two stages of current division (N = 32) to

yield a net current reduction of 1024. The value of injection resistance realized by
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this structure is thus R;,; = 1024 x R. Additional ratioed capacitors (not shown
in figure) in parallel with the transistors in the current divider extend the current

division to high frequencies.

Vcommand - VCM + Vbuf

NVVV
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Viut +
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Figure 6.6: Circuit schematic of the current-clamp current injection block

In this design, R = 100k(2 in the typical corner so that R;,; ~ 100 M. The

current injection block occupies a total area of 950 pm x 560 jpm on the chip.

6.3 Voltage-clamp

6.3.1 Design considerations

A voltage-clamp amplifier is required to measure ion channel currents in either cell-
attached or whole-cell modes. The current flow is from the electrode in the pipette,
through the ion channel in the cell membrane and back through the reference electrode
in the bath. Ideally, the amplifier should have a low-impedance input so as to clamp
the voltage irrespective of the magnitude of the current flow. A low-impedance input
is also desirable for sinking in all of the signal currents that may be generated by ion
channel activity. A TIA satisfies these requirements and is commonly used as the
first stage of a voltage-clamp amplifier. Indeed, the simplest voltage clamp requires

only the use of a TIA.
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In many studies, it is desirable to change the clamp voltage instantaneously to
observe the response of different ion channels to the voltage step. The instantaneous
voltage step leads to charging currents in the parasitic capacitance at the amplifier’s
input. In this work, the capacitance compensation circuit in the voltage-clamp is
identical to the one described in Section 6.2.3. Resistance compensation is also desir-
able when the impedance of the pipette exceeds a few M(2, in order to ensure accurate
clamping.

Commercial voltage-clamp amplifiers routinely have feedback resistances in the
TTA with values exceeding 100 MQ2. Larger gains in the TIA decrease the noise con-
tribution from the feedback resistor but also place limits on the maximum amplitude
of the signals that can be measured. As with the current-clamp, the input to the

amplifier is preferred to have low levels of leakage current.

6.3.2 Transimpedance amplifier

The TTA implemented here is based on the principle of current amplification using
negative feedback and transistors operating in the subthreshold regime [204]. Fig-
ure 6.7 shows the circuit schematic of the TIA. The first two stages provide current
amplification by a factor of N each. Accurate current amplification relies on good
matching between the devices connected to the output of the opamps. If the current
through the pipette flows in the direction indicated in the figure, the output of the
first opamp goes high, passing the current through the PMOS in the feedback path.
However, since the magnitudes of these currents are small, the PMOS is in deep sub-
threshold and consequently, the output voltage depends logarithmically on the input
current. It is possible to measure the logarithmic output voltage directly and convert
it into a corresponding current [105, 129]. However, here the same output voltage is
applied across N transistors in parallel. Since the N transistors experience the same

potentials at their gate, source and drain as the feedback transistor, the current is
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amplified N times. Similarly ratioed capacitors (not shown in figure) in parallel with

these transistors extend the amplification to high frequencies.

To pipette

Figure 6.7: Circuit schematic of the TIA in the voltage-clamp

The amplified current is then passed through a final transimpedance stage with
a four-bit programmable feedback resistance. The resistance value can be changed
uniformly from 0 to 225k(2 in steps of 15k€). The effective feedback resistance value
is then Rr = N?R and can be as large as 231 M(Q in this design with N = 32. The
diodes in parallel with the feedback resistor limit the range of output voltages that
are linear with respect to the input current but allow for the operation of the TIA
in the same manner as explored previously once appropriate calibrations have been
performed [129].

A key difference between the TTA designed here and that available in commercial
voltage-clamps is the 3dB bandwidth and the thermal noise from the feedback re-
sistance. The 3dB bandwidth is determined by Rr and Cr in conventional designs.
However, in this design, Cr appears in parallel with Rp/N?. Thus, the worst-case
3dB bandwidth set by Rr and Cp for this TIA is 700 kHz. However, the current
amplification stage sets a cutoff frequency of approximately 350 kHz which, conse-
quently, limits the overall 3dB bandwidth. Note that this is significantly greater
than the 1/(2r RpCr) = 700 Hz limit that would have been set if the TIA had been
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implemented using passive components with the same values of Rr and Cp.

The input-referred noise contribution of the feedback resistance in a TIA with
Rp = 231MQ is 4kT/Rr = 6.93pA?/Hz. Since the physical resistor used here is
N? times smaller, the noise it generates is N? times larger. However, when this
noise is referred back to the pipette, it sees a division by a factor of (N?)? such that
the input-referred noise from the feedback resistance for the TTA designed here is
4kT/N* x (N?/Rp) which is N? = 1024 times smaller than the noise generated by a
passive resistor with value Rp.

These advantages come at the expense of increased power consumption and design
complexity in the current amplification stage. The TIA designed here occupies a total

area of 910 pm x 410 pm.

6.3.3 Resistance compensation

The classical resistance compensation scheme shown in Figure 2.9 utilizes positive
feedback. However, this technique is susceptible to ringing when the percentage of
the resistance compensated exceeds 80 %. In this work, the resistance compensation
instead is based on the state-estimator theory proposed previously [205]. For a current

I,, flowing through the pipette, the membrane potential can be expressed as
Vu =V, —I,Rg (6.1)

where V, is the voltage applied to the positive terminal of the TTA and appears on
the pipette through the clamping action of the TTA and Rg is the series resistance of
the pipette. In the ideal case where Rg = 0, the membrane voltage is exactly equal
to V.

Figure 6.8 shows the block diagram for the feedback loop implemented in this
work. The current flowing through the pipette is passed through an on-chip estimate

of the membrane resistance Rg.s which generates a proportional voltage I,Rges:-
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This gives a local estimate of the membrane voltage as
VM,est = ‘/;) - IpRS,est (62)

This is then compared to the command voltage and the error is fed to an integra-
tor. The output of the integrator generates V). If the sign of the overall feedback
around the integrator is negative and the loop is acting as intended, the action of the

integrator will be to drive its input to zero. This implies the following relation

‘/command = VM,est (63)

The right-hand side of this equation equals V), when Rg.ss = Rg and indicates full

Rg compensation if the loop is stable.

IpRS,est

Wa 1
S V;o Z, cell

‘/command

Figure 6.8: Block diagram of the state-estimator resistance compensation circuit

If the loop is broken at the input to the integrator, the loop gain can be written

as (ignoring the negative sign)

Wy, RS est)
L(s) = =2 (1 — =222 6.4
(s) = ( o (6.4)

where Z..; represents the net looking-in impedance into the pipette and can be writ-

ten for the whole-cell configuration (neglecting the effect of Ry,) as

1 1
(7s+ &) SO,

Leent =
ce 1 1
R —
S+SCM+SCP
1 1+87’M

it Cyy >> C, (6.5)

T sCy 1+ 5T,
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where 7y = RgC)y and 7, = RgC,.

From Equations (6.4) and (6.5), we have

Ls)= (1 _ 5RgesiCr(1 + STp)>
S 1+ sty
Cwy (14 st (1 — ) — as’ty, (6.6)
N S 14 STMm .

where @ = Rg st/ Rs and represents the fractional compensation. If the time constant
attributed to 7, can be made small enough and the left-half plane zero in the numer-
ator appears before the unity-gain crossing, then the loop will be stable with very
good phase margin. Additional poles can be introduced after the unity-gain crossing
to account for the high-frequency zero added by 7,. Note that for stable operation,
C, must be reduced either physically or by electronic compensation. The need for the
reduction of C,’s impact can be understood by the fact that the current that flows
into C, does not flow through the pipette’s Rg and does not affect Vj;. Thus, any
such component in the measured current leads to an inaccurate local estimate of the
membrane voltage.

Figure 6.9 shows the circuit-level implementation of the resistance compensa-
tion block. Compared to discrete systems where it is difficult to record I, at high-
bandwidths, the current amplification circuit used to pre-amplify I, is based on the
same structure used in the TIA and has extremely high measurement bandwidth.
This preamplification also removes the need for a physical large-valued resistor. The
current is first preamplified by a factor of N x Ny x Ny = 32 x 4 x 8 = 1024, and
passed through a TIA with a ten-bit programmable feedback resistor. The feedback
resistance can be changed uniformly from 0 to 256 k€2 in steps of 250 () allowing for
compensation of a resistance as large as 262 M().

The output of this TIA is then Vs, which is compared to Vepmmana as depicted
in the block diagram (Figure 6.8). The difference must then be fed to an integrator.
The differencing is realized by connecting the voltages to the terminals of a five-

bit programmable g,, block, implemented using a differential amplifier with the bits
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controlling the amount of bias current in the input transistors of the differential pair.
The output of the g, block is connected to an OTA with capacitive feedback (C' =
64 pF) which implements the integration as well as keeps the output voltage of the
gm block constant for improved linearity. w, in Equation (6.6) is then equal to g,,/C.

The block occupies a total area of 1230 pm x 900 pm on-chip.

6.4 Board design

6.4.1 System overview

Custom PCBs are designed for validating the chip’s functionality both electrically
and in vitro. The design is split across two boards - a small daughterboard housing
the chip and the sensitive analog circuitry, with a larger motherboard containing the
data acquisition and the digital circuitry. Figure 6.10 shows a block diagram of this
setup.

The design goal was to make the daughterboard as small and light as possible
for potential use in experiments with moving mice. As a result, the daughterboard
is created on a two-layer 3.56 mm x 5.08mm PCB. Ground and power planes are
avoided so as to limit the overall weight. The weight of the unassembled PCB is
2.02g while the weight of the fully-assembled PCB is approximately 4.5g. This
weight can be further reduced as more board-level components are integrated onto
the chip.

The daughterboard is connected to the motherboard by means of two flex-cables.
Power and analog signals are transferred over one cable while digital signals are
transferred over the other. The net impedance of the flex-cables is high enough so as
to lead to high-frequency noise spikes in measurements. These spikes are beyond the

bandwidth of interest and do not affect circuit performance.
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Figure 6.9: Circuit-level implementation of the resistance compensation circuit
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Figure 6.10: Multi-clamp amplifier board-level block diagram
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6.4.2 Chip packaging and assembly

In order to reduce the weight of the daughterboard and parasitics on the input nodes,
the multi-clamp amplifier chip is wirebonded directly to the PCB. The landing pads
on the PCB are first cleaned by soaking in BPS-106 (Versum Materials) to clean
the landing pads and improve yield during bonding. The chip is attached to the
PCB using Epo-Tek H20E (Epoxy Technology). The chip has 70 wirebonds in total.
After the wirebonding is complete, the chip is encapsulated using Epo-Tek OG116-31
(Epoxy Technology) to protect the wirebonds from damage during handling. The
weight of the PCB after chip assembly and encapsulation is 2.10g. Figure 6.11 shows

a photograph of the daughterboard PCB with the chip assembled.

Figure 6.11: Photograph of the multi-clamp daughterboard with the chip attached

6.4.3 Power domains

The daughterboard is powered by a single 6 V DC power supply that is connected
via the motherboard using the flex-cable. A 3.3V regulator is used to power all
the components on the daughterboard, including the chip. Since power planes are

absent on the daughterboard, the power and ground routing is done by hand. While
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connecting the DC power supply directly to the daughterboard instead of via the flex-
cables reduced some high-frequency spikes in the noise spectrum, this is not favored
since it would require additional wiring to the daughterboard.

The motherboard is powered using two power supplies. A 6V supply is used
to generate a 3.3V supply for powering the anti-aliasing filters, part of the digital
isolators and the digital pins on the ADC as well as for generating a 5V supply for
powering the analog portion of the ADC. A separate 5V supply is used exclusively
to power the Opal Kelly FPGA.

The motherboard employs a split ground-plane design. The “analog” ground
plane is connected to the ground of the daughterboard, the analog components on
the motherboard and the ADC, and is completely isolated from the “digital” ground
of the FPGA. Digital isolators are used for all data exchange across ground planes.
The split-plane design helps reduce noise that might couple in capacitively to the

voltage-clamp amplifier’s input node.

6.4.4 Data acquisition

The chip has three primary outputs of interest - the buffered pipette voltage Vi, s
in current-clamp, and the pipette voltage V,, and the output of the TIA V,,; 774 in
voltage-clamp. The chip outputs are passed through an analog buffer and fourth-
order Bessel anti-aliasing filters implemented using a topology similar to that shown
in Figure 3.10 but with a cutoff frequency of 100 kHz. The outputs of the anti-aliasing
filter are then digitized at 200 kSPS each using a six-channel time-interleaved ADC
with 16-bit resolution.

The ADC outputs are then passed through digital isolators that transmit the data
to an Opal Kelly FPGA (XEM6010). Data is then transferred from the FPGA to a
host PC over a USB 2.0 link. The data rateis 16 x6x200x10% = 19.2 Mbits™* =24 MBs™!
and is well within the 30 MBs™! real-world limits of the USB 2.0 link.
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6.4.5 Shielding and assembly

Many of the shielding considerations here are the same as those described in Sec-
tion 3.4.5, especially for the voltage-clamp configuration. A small aluminum box is
used as a Faraday cage. The daughterboard PCB is affixed to the box via screws.
The pipette holder and the pipette, however, necessarily need to extend outside the
box. Adding a ground shield around the pipette risks increasing C,. Instead, the
optical table that the setup is placed on is connected to the ground of the daughter-
board using a low-impedance connection. In our experiments, this generally provided
sufficient shielding from EMI.

Appropriate holes are drilled in the aluminum box for the flex-cables and the
pipette holder to pass through. The hole for the pipette holder is made just large
enough for it to fit so that the holder remains firmly secured to the box. A separate
aluminum piece with a dovetail cut is attached to the box via screws. This dovetail
piece is then attached to the micromanipulator during biological experiments. The
ground of the micromanipulator is connected to the Faraday cage.

Commercial systems generally have the notion of a “signal ground” that is con-
nected to all the connections mentioned previously as well as the bath. This is possible
since these systems employ bipolar supplies. In the system described here, a unipolar
supply is used. The bath potential is thus distinct from the ground of the system. In
fact, the bath is tied to a potential that is nominally Vpp/2 = 1.65V.

Figure 6.12 shows a photograph of the daughterboard inside the Faraday cage

with the pipette holder and flex-cables attached.

6.5 Electrical characterization

The amplifier’s electrical functionality was first evaluated using a model cell built

using electrical components as shown in Figure 2.6. The pipette was modeled using a
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Figure 6.12: Photograph of the multi-clamp amplifier inside the aluminum enclosure

single Rg mimicking the whole-cell configuration. In the measurements described be-
low, Rg = 20 MS2, Ry, = 100 M) and C); = 0 in the current-clamp testing and 20 pF
in the voltage-clamp testing, unless indicated otherwise. C, was largely determined

by the parasitic trace capacitance to ground on the PCB.

6.5.1 Current-clamp

The noise performance of the voltage buffer is first evaluated. This is done by con-
necting a low-pass filtered 1.65'V DC voltage source directly to the input of the
voltage buffer bypassing the model cell completely. Figure 6.13a shows an example
output time trace of the voltage buffer filtered in software to different bandwidths
using digital approximations of fourth-order Bessel filters. In a 10kHz bandwidth,
the RMS value of the input-referred voltage noise is 20 pVgyums. However, this noise
is found to be dominated by components on the PCB rather than the chip itself and
can potentially be reduced further by using lower-noise equivalents. This is not pur-
sued here since the noise levels were already low enough for the intended application.

Figure 6.13b shows the PSD for a 3s long noise measurement.
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Figure 6.14 shows the output of the voltage buffer with and without capacitance
compensation. A function generator is used to inject a 200 mV,, 1kHz square wave
with a DC offset of 1.65V at V),;. The voltage is thus applied to the input of the
voltage buffer through Rg. The effect of Rg and C), is to low-pass filter the input
and slow down the rise and fall times of the square wave. The value of the parasitic
C, is estimated to be approximately 3.5 pF and the resulting 10 %-90 % rise time is
approximately 350 ps. With capacitance compensation, however, the rise time drops
to less than 20 us and approaches the rise time constraints imposed by the 100 kHz
Bessel anti-aliasing filter implemented in hardware.

Figure 6.15a plots the linearity of the injected current as a function of the com-
mand voltage. For this measurement, Rg = 100 M2 and Ry; = 0. Viommand 1S swept
from —100mV to 100mV and is changed in steps of 1mV. The injected current
should thus change from —1nA to 1nA in steps of 10pA. The figure also plots a
least-squares straight line fit to the measured data. The deviation of the measured
data from the fit is due to offset voltages in the opamps that form the current divider
[200]. It is worth noting that the effective transconductance is slightly higher for
negative currents and lower for positive currents than the desired value. If needed,
this could be eliminated by appropriate calibration.

Figure 6.15b plots the buffer’s output voltage as V.ommana is stepped from —5mV
to 5mV about Vj, at a rate of 2Hz. This corresponds to an injected current square
wave of amplitude 100pA,,. In the absence of capacitance compensation, the rise
and fall times of the measured voltage are slow while with capacitance compensation,

they are sped up considerably.

6.5.2 Voltage-clamp

The diodes in the feedback path of the TIA allow for a linear range of operation of

approximately £0.8 V. The output voltage of the TIA in the voltage clamp as shown
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Figure 6.13: (a) 200 ms long time trace of the output of the voltage buffer connected
to a fixed DC voltage source filtered using 1kHz, 5kHz and 10kHz fourth-order
Bessel filters. RMS values of the noise at the filtered time-traces are indicated. (b)

Input-referred noise PSD of the current-clamp voltage buffer.
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Figure 6.14: For a 200mV,,, square wave at 1 kHz injected through a 20 M2 resistor,
capacitance compensation improves the rise and fall times from approximately 350 s

to less than 20 ps.
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(b) Step response of the injected current with and without capacitance compensation.

Figure 6.15: Linearity and step response of the current injection circuit.
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in Figure 6.7 can be mapped to the input current through the relation

Ip:‘/ou}z;%

(6.7)
Thus, the range of input currents for which the output voltage is linearly related to
the current depends on the gain setting.

Figure 6.16a shows the linearity of the measured voltage as the input current is
swept from —500 pA to 500 pA in steps of 10 pA with Rr ~ 120 M€). The current is
injected through Rg+ Ry, = 120 MS2 by stepping the voltage applied at the other end
of Rys. A linear least-squares fit is then generated from the measured data. Since the
current amplifier in the TTA employs a similar topology as the divider in the current
injection circuit of the current-clamp, there is a similar deviation from the linear fit
(Figure 6.15a). By scaling positive and negative valued currents by different but fixed
amounts, the true current can be obtained from the measured data. This is shown
in Figure 6.16b where all currents > 0 are divided by 1.042 while currents < 0 are
divided by 1.133. The line shown in the figure represents the ideal y = x input-output
characteristic and the adjusted data is remarkably similar. The implication of this
result is that the gains are slightly different for positive and negative currents.

Figure 6.17a shows a 0.2s long time-trace of the output of the TIA in the open-
headstage configuration with Rp ~ 225 M() and adjusted for linearity as described
above. The same data are filtered to different bandwidths in software using digital
approximations of fourth-order Bessel filters. At a bandwidth of 5kHz, the input-
referred RMS noise is 225 fAgryg, despite the relatively low value of the feedback
resistance. Figure 6.17b shows the input-referred noise PSD of the TTA in the same
configuration as calculated over a 3 s long recording. When compared to the Axopatch
200B (Rp = 500 M), a commercial system used for patch-clamp recordings, the noise
performance achieved here is significantly better.

The C),, compensation circuitry in the voltage-clamp is identical to that used in the

current-clamp. Its functionality is verified by connecting a purely capacitive load to
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(a) Measured linearity of the measured current as a function of the input current amplitude.
The line provides a least-squares fit to the measured data.
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(b) Adjusted measured current as a function of the input current. The measured data is
multiplied by different factors depending on whether the value is positive or negative. The
line shows the ideal y = x input-output characteristic.

Figure 6.16: Linearity of the voltage-clamp TTA as a function of input current am-
plitude
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the input of the TIA and stepping Vipmmana as shown in Figure 6.18 (data filtered to
10 kHz bandwidth). In the absence of any capacitance at the TIA’s input, the current
recorded by the TTA must be constant at 0. Steps in V.ymmand inject charging currents
into the capacitor which are recorded by the TIA. After tuning the C},, compensation
circuitry to cancel out ~ 2 pF of capacitance, the recorded current does not show any
spikes, indicating the €, compensation circuitry works as expected.

Finally, the functionality of the Rg compensation circuit is evaluated. Figure 6.19
shows the result of these measurements filtered to a 4 kHz bandwidth using a fourth-
order Bessel filter. Here, C'y; is not populated on the PCB and the parasitic C); is
estimated to be a few tens of fF. This value of C; is appropriate for small structures
such as spines, where C); =~ 30fF. The resistances Rg and R,; are both set to
100 MQ. V,ommana is stepped from —30mV to 30 mV in steps of 5mV with each step
being held for 500 ms. Before enabling Rg compensation , the parasitic capacitance
C, is first compensated. In the absence of Rg compensation, Veommand appears across
Rs+ Ry = 200 M2 and generates a maximum current amplitude of 150 pA. When the
Rs compensation is tuned to 50 %, the net resistance is Ry + (1 — a)Rg = 150 MS2
and generates a maximum current of 200pA. When the Rg is almost completely
compensated out, all of the applied voltage falls across Rj; and generates a maximum
current of approximately 300 pA.

A similar test is performed with a value of C; = 20 pF with Rg = Ry, = 100 MS.
This situation is similar to what would be seen if the soma were being clamped. In
this case, full compensation would lead to loop instability, but high compensation
levels are still possible. Figure 6.20 shows the result of V_.,nmana being stepped from
—50mV to 50mV in steps of 5mV with no Rg compensation and a = 0.83 (filtered
to 1kHz bandwidth). With no compensation, the current varies between £250pA
while with compensation, the current varies between +425pA. The larger spikes
during transition with compensation enabled are the result of increased charging

transients through C};. As the effective value of Rg is reduced, the voltage across
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Figure 6.17: (a) 200 ms long time trace of the output of the TIA in open-headstage
configuration with Rp ~ 225 M filtered using 1kHz, 5kHz and 10 kHz fourth-order
Bessel filters. RMS values of the noise at the filtered time-traces are indicated. (b)
Input-referred noise PSD of the voltage-clamp TIA and the Axopatch 200B.
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Figure 6.18: For a 10mV, square wave at 1 Hz applied at Vipmmand for a TIA with
only a capacitance connected to its input, C, compensation removes charging tran-
sients from the recorded current.
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C); more closely resembles the desired staircase waveform and consequently creates

larger transient currents.

6.5.3 Comparison to state of the art

Table 6.1 compares the performance of the multi-clamp amplifier chip to existing com-

mercial discrete as well as integrated solutions. The amplifier designed in this work

compares favorably with all the other systems and improves the noise performance

by over a factor of 3 in voltage-clamp.

MultiClamp Goldstein et al. | Harrison et al. | This work
700B [122] [128] [129]
Type Discrete IC IC IC
Technology - 0.5 um SoS 0.35pm CMOS | 0.18 pm CMOS
Die size - 4mm X 8mm 4.7mm X 3.0mm | 3.23mm X 2.73 mm
Supply voltage | - 3.3V - 3.3V
Power consump- | 30 W 30 mW - 7mW
tion
Qp compensa- ?81316 6p§F((\éC(g) 0-10 pF 0-10 pF 0-15pF
tion range
Input-referred - 150 nVRrums 8.21nVRMms 20 nVRrus
voltage noise in (5kHz) (10kHz) (10kHz)
CcC
VC TIA gain 50 MQ-50 GQ2 | 49k - 100 M2 | Non-linear 0-225 MQ
Input-referred 0.8 pArms 3.3 pARrwms 1.1 pArms 0.23 pArus
current noise in
VC (5kHz)
Rs compensa- | 0.4-744.7 M) | 0-100 MS2 0-32 MQ 0-250 M€
tion range

Table 6.1: Comparison of the integrated multi-clamp amplifier to existing state of
the art. CC indicates current-clamp and VC indicates voltage-clamp.

6.6 Experimental results

Experiments involving cells were performed in collaboration with the Yuste lab at

Columbia University. The amplifier and its Faraday cage are mounted on a microma-
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Figure 6.19: For Rg = Ry = 100 MQ and V,.ymmana varying from —30mV to 30 mV
in steps of 5mV, the amount of resistance compensated is programmable and can
compensate Rg nearly completely.
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Figure 6.20: For Rg = Ry = 100 MQ with Cy; = 20pF and V.ommana varying from
—50mV to 50mV in steps of 5mV, resistance compensation increases the steady-
state current. The spikes with compensation enabled are larger due to the increased
charging transients through C;.
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nipulator housed with a custom-slice microscope setup. The first set of experiments
involved the use of a 100nm diameter high-impedance sharp microelectrode filled
with 3 M KCl. These microelectrodes are particularly useful for targeting small
structures such as spines [206]. The amplifier is configured in current-clamp mode
and a 100 pA,, square-wave current is injected into the pipette. Figure 6.21 shows the
measured voltage response of the pipette immersed in a bath containing artificial cere-
brospinal fluid (ACSF) comprising (in mM) 126 NaCl, 26 NaHCO3, 1.145 NaH,POy,
10 glucose, 3 KCI, 2 MgSQOy, and 2 CaCl,. The capacitance compensation circuitry
is tuned to cancel out approximately 8 pF of parasitic capacitance. The response
indicates a measured resistance of 90 M) with slight overcompensation of the capac-

itance.
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Figure 6.21: Current injection through a sharp microelectrode in the bath

The pipette is then used to perform intra- as well as extracellular recordings from
cortical layer-5 pyramidal neurons from day-40 wild-type mouse slices in ACSF. The
temperature of the bath is set to 37°C. The measured resting membrane potential is

—58mV. Prior to cell entry, distinct extracellular neuronal action potentials are ob-
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served. After entering the cell, intracellular action potentials are observed with high
SNR, millisecond time-scales and approximately 50 mV amplitudes. These record-
ings are shown in Figure 6.22 and compare favorably to a spike-triggered average of
recordings made using the MultiClamp 700B (Molecular Devices) in terms of SNR,

timescales and signal fidelity.
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Figure 6.22: Current-clamp recordings from neurons showing intra- as well as extracel-
lular action potentials. The intracellular signals compare favorably to measurements
made using the MultiClamp 700B in terms of SNR, timescales and signal fidelity.

Next, experiments are performed in neuronal cultures using patch pipettes (Fig-
ure 6.23). The internal solution for the patch pipettes is comprised of (in mM)
130 K-gluconate, 5 NaCl, 2 MgSO,, 10 HEPES, 5 EGTA, 4 MgATP, 0.4 Na;GTP,
7 Nao-phosphocreatine, 2 pyruvic acid, pH adjusted to =~ 7.2. With the pipette in the
bath, the bath potential is first adjusted so as to bring the pipette current to zero.
Next, a pulse voltage is applied at V,ommang with amplitude of 5mV and frequency of
1 Hz. Figure 6.24a shows the current recording (filtered to 1 kHz bandwidth) through
one such pipette. This allows for the characterization of Rg which is typically be-
tween 7 and 14 M(Q for the pipettes used in this study. As the pipette approaches the
cell membrane and suction is applied, the access resistance increases, as indicated by
the decrease in the amplitude of the current pulse shown in Figure 6.24b. Finally,

when the giga-seal is formed, the amplitude of the pulse waveform becomes negligibly
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small as seen in Figure 6.24c. The spikes are due to the remaining uncompensated

c,.

Figure 6.23: Photograph of a patch-clamp measurement from a neuron. The pipette
tip is approximately 1pm in diameter.
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Figure 6.24: Voltage-clamp current recordings of a patch pipette (a) in the bath, (b)
as the pipette approaches the cell membrane and suction is applied, and (¢) when
the gigaseal is formed. The spikes visible after gigaseal formation are due to residual
uncompensated C),.

Measurements with patch pipettes are also performed on 3-D cultured hippocam-
pal neurons grown as spheres [207, 208]. Figure 6.25a shows a recording of the current
through the pipette as measured by the amplifier in voltage-clamp mode, filtered down
to a bandwidth of 2 kHz in software. Here, although a gigaseal is not formed, the seal

resistance is measured to be a few hundreds of M{2. The patch is held at —70mV
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with respect to the bath. The cell showed spontaneous activity and the voltage-clamp

measured several action potentials, one of which is shown in Figure 6.25b.
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Figure 6.25: (a) Voltage-clamp recording through a patch pipette in loose-seal config-
uration. The cell showed spontaneous activity when the patch was held at a potential
of =70mV with respect to the bath. (b) A zoom-in of the event near the 40s mark
reveals high SNR and millisecond time scales for the action potential.

Current-clamp measurements are also performed from a neuron in tight-seal con-
figuration. These results are shown in Figure 6.26a after being filtered down to 10 kHz
bandwidth. Over the course of several seconds, the cell showed spontaneous activity
as current is injected to maintain approximately —50mV at the patch with respect to
the bath. The zoomed-in events shown in Figure 6.26b reveal amplitudes of several
mV indicating that these were likely tightly-coupled extracellular action potentials
[209]. Figure 6.27 (data filtered to 2kHz bandwidth) shows two excitatory postsy-
naptic potentials (EPSP) and an inhibitory postsynaptic potential (IPSP) which are

not as large as the action potentials that are observed.

6.7 Summary

This chapter discussed the design of an integrated voltage- and current-clamp am-

plifier with current injection capability and compensation circuitry to account for
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Figure 6.26: (a) Current-clamp recording through a patch pipette in tight-seal config-
uration. The cell showed spontaneous activity when the patch was held at a potential
of =50 mV with respect to the bath. (b) A zoom-in of the event near the 2.1s mark
reveals high SNR and that the events were tightly-coupled extracellular action po-
tentials.
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Figure 6.27: Current-clamp recordings of EPSP and IPSP
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the pipette’s resistive and capacitive non-idealities. The system is experimentally
validated in wvitro with signals showing high SNR both in intracellular as well as
extracellular configurations. A comparison reveals that the amplifier performs well
when compared to the current state of the art while improving on important metrics

such as the noise performance and power consumption.
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Chapter 7

Conclusions

7.1 Summary of contributions

This dissertation describes a body of work related to the design of amplifiers for
nanoscale sensors and the subsequent signal conditioning when measuring biochemical
signals. The underlying theme was to miniaturize these amplifiers while exploiting the
resultant decrease in parasitics for improvement in performance. The first such work
is a CMOS amplifier optimized for high-bandwidth nanopore recordings. By designing
a low-capacitance platform and integrating passivated solid-state nanopores, noise at
high frequencies is reduced considerably compared to the state of the art. This allows
for the single-molecule measurement of DNA translocation through the nanopore at
heretofore unprecedented timescales revealing dynamics that would otherwise have
been rendered invisible. The platform is also used to study ion channels at high

bandwidths. A wavelet transform-based denoising technique is then applied to these
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recordings for further improvements in SNR.

The second work is a CMOS amplifier designed for intracellular recordings. By
exploiting options that are only available in an 1C context, the amplifier is able to
achieve performance comparable to or better than that of commercial counterparts
while consuming power that is orders of magnitude lower. In particular, the noise is
among the lowest-reported among all integrated multi-clamp efforts. The amplifier
is validated electrically and in vitro in neuronal cultures and slices.

These combined works have made several original contributions to single-molecule

nanopore sensing and intracellular recordings:

e The highest-bandwidth nanopore recordings demonstrated to date (SNR > 6
at 10 MHz)

e The first reported recordings of DNA translocations through ultra-thin sub 2 nm-

diameter silicon nitride nanopores

e The lowest reported voltage-clamp noise level to date of any integrated multi-

clamp system

e An implementation of a novel resistance compensation scheme utilizing current

preamplification

e The first reported application of wavelet denoising to high-bandwidth nanopore

and ion channel recordings

These contributions have resulted in the following peer-reviewed publications:

e Shekar S., Niedzwiecki D. J., Chien C.-C., Ong P., Fleischer D. A.; Lin J.,
Rosenstein J. K., Drndi¢ M., Shepard K. L. Measurement of DNA translocation

dynamics in a solid-state nanopore at 100 ns temporal resolution. Nano Letters,

2016 16(7), 44834489
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Shekar S., Chien C.-C., Hartel A., Ong P., Clarke O. B., Marks A., Drndi¢ M.,
Shepard K. L. Wavelet denoising of high-bandwidth nanopore and ion channel

signals. Nano Letters, In press

Shekar S., Jayant K., Rabadan A. M., Tomer R., Yuste R., Shepard K. L. A
miniaturized multi-clamp CMOS amplifier for intracellular recordings. Submit-

ted

Shekar S.”, Chien C.-C.", Niedzwiecki D. J., Shepard K. L., Drndi¢ M. Low-
noise measurements of high-bandwidth DNA translocation in sub 2 nm a-Si/SiO

nanopores. In preparation

Hartel A. J. W.", Ong P.", Schroeder 1., Giese M. H., Shekar S., Clarke O. B.,
Zalk R., Marks A. R., Hendrickson W. A., Shepard K. L. Single-channel record-
ings of RyR1 at microsecond resolution in CMOS-suspended membranes. Pro-

ceedings of the National Academy of Sciences, 2018 115(8), E1789-E1798

Fleischer D. A., Shekar S., Dai S., Field R. M., Lary J., Rosenstein J. K.,
Shepard K. L. CMOS-integrated low-noise junction field effect transistors for

bioelectronic applications. IEEE Electron Device Letters, 2018 39(7), 931-934

Hartel A. J. W., Shekar S.; Ong P., Schroeder 1., Thiel G., Shepard K. L. High-
bandwidth approaches in nanopore and ion channel recordings — A tutorial

review. In review

7.2 Future work

Nanopore amplifier noise reduction

Commercial amplifiers used for nanopore recordings employ opamps with thermal

voltage noise floors of 1nV/v/Hz that is significantly lower than the 2.6nV/v/Hz

achieved in this work. It should be possible to design integrated opamps in order
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to meet this goal. Combining this amplifier with an extremely low-capacitance mea-
surement technique could yield further improvements in bandwidth [37]. A relevant
consideration once this has been achieved will be to appropriately decrease the charge-
transfer resistance of the on-chip Ag/AgCl electrode. This could be achieved using

one of the solutions discussed in Section 4.2.2.

Parallelized nanopore recordings

The chip designed in Chapter 3 contains 25 individually accessible amplifiers on the
same die. However, this work primarily explored the use of a single amplifier for both
nanopore and ion channel recordings. While the ion channel setup is easily extended
to multiple channels, the setup for nanopore measurements will need to be adapted
in order to enable parallelized recordings.

A current limitation for the number of amplifiers that can be recorded from si-
multaneously is the requirement of a dedicated signal processing chain containing
the boosting filters, the feedback attenuator, the anti-aliasing filters and ADCs per
channel. If these could be integrated on-chip, the digital output could be multiplexed

onto a few pads allowing for potentially larger scale multiplexing.

Integrated circuitry to support nanopore fabrication

One of the difficulties in achieving parallelized nanopore recordings is ensuring proper
alignment and wetting of the membrane in relation to the amplifiers. A possible
solution to this might be to first form wells above the amplifier electrodes, fill the
wells with appropriate buffer solutions and then seal a pristine membrane above the
wells. If the amplifier possesses the circuitry to fabricate a nanopore via CDB, this

would ensure isolated operation as well as guarantee wetting of the nanopores.
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Custom wavelet design

The wavelet denoising explored in this work used standard wavelets that were avail-
able as part of the PyWavelets module. However, it is possible to design wavelets
tailored to the application of interest [210]. Further improvements to the denoising

performance may be possible through the use of these custom-designed wavelets.

Wavelet denoising for detecting intra-event features

The denoising explored in this work primarily dealt with the detection of translocation
events and enhancing the associated SNR. A natural question to ask would be how this
could be modified in order to retain intra-event steps. Standard wavelet denoising
operates purely on the amplitude of the detail coefficients. Since the intra-event
steps will likely have smaller amplitudes than the event itself, the corresponding
detail coefficients will also be smaller in amplitude and might get rejected by the
thresholding scheme. But once the event edges have been determined, the threshold
scheme could be modified to not be as aggressive for coefficients with indices between

the start and end of the event.

On-chip ADC integration for multi-clamp

The patch-clamp amplifier chip designed in this work does not have the anti-aliasing
filters and ADCs on the chip. Incorporating these on-chip will further reduce the
footprint of the system and open up the possibilitiy of performing moving-animal
experiments with this amplifier. Currently, these experiments require the use of a
compact headstage unit with long cables with sufficient slack to ensure freedom of
movement for the animal. A fully-functional integrated amplifier will greatly improve

the ease of performing such experiments.
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Improved robustness of Ry compensation

The Rg compensation circuitry designed in this work relies on accurate compensation
of the parasitic C}, in order to remain stable. While this is also a requirement for
the compensation implemented in commercial systems, it would be worth exploring
the formal control theoretic requirements for such a loop to remain stable. Reducing
the constraints on C}, compensation can make the system more usable in biological
experiments where great care must be taken in order to ensure that C), does not vary

much once the pipette is in the bath.

Multi-channel multi-clamp

This avenue is similar to that discussed for the nanopore amplifier. One of the greatest
strengths of CMOS integration is its ability to scale. Multiple multi-clamp systems
have been demonstrated on the same die before but their performance did not compare
favorably to commercial systems. Multiple channels on the same die were achieved by
sharing components between the current- and voltage-clamp circuits. This approach
can be adapted to the patch-clamp amplifier designed in this work and combined
with the ADC integration described above to achieve true multi-channel multi-clamp

operation.

7.3 Final thoughts

As Moore’s Law comes to an end, an often cited paradigm is the so-called “More than
Moore”, where technology enabled by Moore’s Law is applied to problems beyond the
realm of what might be considered traditional electrical engineering [211]. In that
sense, [ hope this thesis gave a taste of the fascinating challenges that lie at the
intersection of different fields and the benefits afforded by modern semiconductor

technology. The goal of technology has always been to enable man to achieve what
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was not possible before, and I hope my work was one small example of that.

161



References

[10]

[11]

N. Media, “The Nobel Prize in Physics 2000,” 2000.

R. P. Feynman, “There’s plenty of room at the bottom: An invitation to enter
a new field of physics,” Engineering and Science, 1960.

Gordon E. Moore, “Progress In Digital Integrated Electronics,” IEDM Tech.
Digest, 1975.

B. Hille, lonic channels of excitable membranes. Sinauer Associates Inc. Sun-
derland, MA, 1 ed., 1984.

B. Sakmann and E. Neher, Single Channel Recording - Second Edition. Springer
Science & Business Media, 1995.

G. Danda and M. Drndi¢, “Two-dimensional nanopores and nanoporous mem-
branes for ion and molecule transport,” Current Opinion in Biotechnology,
vol. 55, pp. 124-133, 2019.

R. C. Rollings, A. T. Kuan, and J. A. Golovchenko, “Ion selectivity of graphene
nanopores,” Nature Communications, vol. 7, p. 11408, 2016.

S. P. Surwade, S. N. Smirnov, I. V. Vlassiouk, R. R. Unocic, G. M. Veith,
S. Dai, and S. M. Mahurin, “Water desalination using nanoporous single-layer
graphene,” Nature Nanotechnology, vol. 10, no. 5, pp. 459-464, 2015.

J. Feng, M. Graf, K. Liu, D. Ovchinnikov, D. Dumcenco, M. Heiranian,
V. Nandigana, N. R. Aluru, A. Kis, and A. Radenovic, “Single-layer MoS2

nanopores as nanopower generators,” Nature, vol. 536, no. 7615, pp. 197-200,
2016.

J. Feng, K. Liu, M. Graf, D. Dumcenco, A. Kis, M. Di Ventra, and A. Raden-
ovic, “Observation of ionic Coulomb blockade in nanopores,” Nature Materials,
vol. 15, no. 8, pp. 850-855, 2016.

W. H. Coulter, “Means for counting particles suspended in a fluid,” 1953.

162



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

21

22]

D. W. Deamer, M. Akeson, and D. Branton, “Three decades of nanopore se-
quencing,” Nature Biotechnology, vol. 34, no. 5, pp. 518-524, 2016.

C. Cao and Y. T. Long, “Biological Nanopores: Confined Spaces for Electro-
chemical Single-Molecule Analysis,” Accounts of Chemical Research, vol. 51,
no. 2, pp. 331-341, 2018.

J. J. Kasianowicz, E. Brandin, D. Branton, and D. W. Deamer, “Characteri-
zation of individual polynucleotide molecules using a membrane channel,” Pro-
ceedings of the National Academy of Sciences, vol. 93, no. 24, pp. 13770-13773,
1996.

M. Akeson, D. Branton, J. J. Kasianowicz, E. Brandin, and D. W. Deamer,
“Microsecond time-scale discrimination among polycytidylic acid, polyadenylic
acid, and polyuridylic acid as homopolymers or as segments within single RNA
molecules,” Biophysical Journal, vol. 77, no. 6, pp. 3227-3233, 1999.

T. Z. Butler, M. Pavlenok, I. M. Derrington, M. Niederweis, and J. H. Gundlach,
“Single-molecule DNA detection with an engineered MspA protein nanopore,”
Proceedings of the National Academy of Sciences, vol. 105, no. 52, pp. 20647—
20652, 2008.

E. A. Manrao, I. M. Derrington, M. Pavlenok, M. Niederweis, and J. H.
Gundlach, “Nucleotide discrimination with DNA immobilized in the MSPA
nanopore,” PLoS ONE, vol. 6, no. 10, p. €25723, 2011.

D. Wendell, P. Jing, J. Geng, V. Subramaniam, T. J. Lee, C. Montemagno, and
P. Guo, “Translocation of double-stranded DNA through membrane-adapted

phi29 motor protein nanopores,” Nature Nanotechnology, vol. 4, no. 11, pp. 765—
772, 2009.

Z. Zhou, Z. Ji, S. Wang, F. Haque, and P. Guo, “Oriented single directional
insertion of nanochannel of bacteriophage SPP1 DNA packaging motor into
lipid bilayer via polar hydrophobicity,” Biomaterials, vol. 105, pp. 222-227,
2016.

C. Wloka, N. L. Mutter, M. Soskine, and G. Maglia, “Alpha-Helical Fra-
gaceatoxin C Nanopore Engineered for Double-Stranded and Single-Stranded
Nucleic Acid Analysis,” Angewandte Chemie - International Edition, vol. 55,
no. 40, pp. 12494-12498, 2016.

M. Chen, S. Khalid, M. S. P. Sansom, and H. Bayley, “Outer Membrane Pro-
tein G: Engineering a Quiet Pore for Biosensing,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 105, no. 17, pp. 6272—
7, 2008.

M. Soskine, A. Biesemans, M. De Maeyer, and G. Maglia, “Tuning the size and
properties of ClyA nanopores assisted by directed evolution,” Journal of the
American Chemical Society, vol. 135, no. 36, pp. 13456-13463, 2013.

163



23]

[31]

32]

[35]

P. Goyal, P. V. Krasteva, N. Van Gerven, F. Gubellini, I. Van Den Broeck,
A. Troupiotis-Tsailaki, W. Jonckheere, G. Péhau-Arnaudet, J. S. Pinkner, M. R.
Chapman, S. J. Hultgren, S. Howorka, R. Fronzes, and H. Remaut, “Structural
and mechanistic insights into the bacterial amyloid secretion channel CsgG,”
Nature, vol. 516, no. 7530, pp. 250253, 2014.

C. G. Brown and J. Clarke, “Nanopore development at Oxford Nanopore,”
Nature Biotechnology, vol. 34, no. 8, pp. 810-811, 2016.

C. Cao, J. Yu, Y. Q. Wang, Y. L. Ying, and Y. T. Long, “Driven Transloca-
tion of Polynucleotides Through an Aerolysin Nanopore,” Analytical Chemistry,
vol. 88, no. 10, pp. 5046-5049, 2016.

J. Yu, C. Cao, and Y.-T. Long, “Selective and Sensitive Detection of Methylcy-
tosine by Aerolysin Nanopore under Serum Condition,” Analytical Chemistry,
2017.

H. Bayley, O. Braha, S. Cheley, and L.-Q. Gu, “Engineered Nanopores,” in
Nanobiotechnology, pp. 93-112, 2005.

L. Q. Gu, O. Braha, S. Conlan, S. Cheley, and H. Bayley, “Stochastic sensing
of organic analytes by a pore-forming protein containing a molecular adapter,”
Nature, vol. 398, no. 6729, pp. 686—690, 1999.

J. Li, D. Stein, C. McMullan, D. Branton, M. J. Aziz, and J. A. Golovchenko,
“Ion-beam sculpting at nanometre length scales,” Nature, vol. 412, no. 6843,
pp. 166-169, 2001.

A. J. Storm, J. H. Chen, X. S. Ling, H. W. Zandbergen, and C. Dekker, “Fab-
rication of solid-state nanopores with single-nanometre precision,” Nature Ma-
terials, vol. 2, no. 8, pp. 537-540, 2003.

7

C. Dekker, “Solid-state nanopores,” Nature Nanotechnology, vol. 2, no. 4,

pp- 209-215, 2007.

K. Lee, K. B. Park, H. J. Kim, J. S. Yu, H. Chae, H. M. Kim, and K. B. Kim,
“Recent Progress in Solid-State Nanopores,” Advanced Materials, vol. 1704680,
p. 1704680, 2018.

H. Kwok, K. Briggs, and V. Tabard-Cossa, “Nanopore fabrication by controlled
dielectric breakdown,” PLoS ONE, vol. 9, no. 3, 2014.

Y. Goto, I. Yanagi, K. Matsui, T. Yokoi, and K. I. Takeda, “Integrated solid-
state nanopore platform for nanopore fabrication via dielectric breakdown,
DNA-speed deceleration and noise reduction,” Scientific Reports, vol. 6, no. Au-
gust, p. 31324, 2016.

C. Ying, Y. Zhang, Y. Feng, D. Zhou, D. Wang, Y. Xiang, W. Zhou, Y. Chen,
C. Du, and J. Tian, “3D nanopore shape control by current-stimulus dielectric
breakdown,” Applied Physics Letters, vol. 109, no. 6, 2016.

164



[36]

[37]

I. Yanagi, K. Fujisaki, H. Hamamura, and K. I. Takeda, “Thickness-dependent
dielectric breakdown and nanopore creation on sub-10-nm-thick SiN membranes
in solution,” Journal of Applied Physics, vol. 121, no. 4, 2017.

C. E. Arcadia, C. C. Reyes, and J. K. Rosenstein, “In Situ Nanopore Fabrica-
tion and Single-Molecule Sensing with Microscale Liquid Contacts,” ACS Nano,
vol. 11, no. 5, pp. 4907-4915, 2017.

K. Venta, G. Shemer, M. Puster, J. A. Rodriguez-Manzo, A. Balan, J. K.
Rosenstein, K. Shepard, and M. Drndi¢, “Differentiation of short, single-
stranded DNA homopolymers in solid-state nanopores,” ACS Nano, vol. 7,
no. 5, pp. 4629-4636, 2013.

M. R. Powell, I. Vlassiouk, C. Martens, and Z. S. Siwy, “Nonequilibrium 1/f
noise in rectifying nanopores,” Physical Review Letters, vol. 103, no. 24, pp. 9—
12, 2009.

J. A. Bafna and G. V. Soni, “Fabrication of Low Noise Borosilicate Glass
Nanopores for Single Molecule Sensing,” PloS one, vol. 11, no. 6, p. e0157399,
2016.

N. A. Bell, K. Chen, S. Ghosal, M. Ricci, and U. F. Keyser, “Asymmetric
dynamics of DNA entering and exiting a strongly confining nanopore,” Nature
Communications, vol. 8, no. 1, p. 380, 2017.

R. B. Schoch, J. Han, and P. Renaud, “Transport phenomena in nanofluidics,”
Reviews of Modern Physics, vol. 80, no. 3, pp. 839-883, 2008.

Z. Jiang and D. Stein, “Charge regulation in nanopore ionic field-effect tran-
sistors,” Physical Review F - Statistical, Nonlinear, and Soft Matter Physics,
vol. 83, no. 3, pp. 1-6, 2011.

V. Thangaraj, M. Lepoitevin, M. Smietana, E. Balanzat, M. Bechelany, J. M.
Janot, J. J. Vasseur, S. Subramanian, and S. Balme, “Detection of short ssDNA
and dsDNA by current-voltage measurements using conical nanopores coated
with AI203by atomic layer deposition,” Microchimica Acta, vol. 183, no. 3,
pp. 1011-1017, 2016.

J. Larkin, R. Y. Henley, M. Muthukumar, J. K. Rosenstein, and M. Wa-
nunu, “High-bandwidth protein analysis using solid-state nanopores,” Biophys-
ical Journal, vol. 106, no. 3, pp. 696-704, 2014.

J. Larkin, R. Henley, D. C. Bell, T. Cohen-Karni, J. K. Rosenstein, and M. Wa-
nunu, “Slow DNA transport through nanopores in hafnium oxide membranes,”
ACS Nano, vol. 7, no. 11, pp. 10121-10128, 2013.

M. Wanunu and A. Meller, “Chemically modified solid-state nanopores,” Nano
Letters, vol. 7, no. 6, pp. 1580-1585, 2007.

165



[50]

[51]

[52]

[53]

[54]

[55]

[57]

[58]

[59]

M. Wanunu, “Nanopores: A journey towards DNA sequencing,” Physics of Life
Reviews, vol. 9, no. 2, pp. 125-158, 2012.

P. Chen, T. Mitsui, D. B. Farmer, J. Golovchenko, R. G. Gordon, and D. Bran-
ton, “Atomic layer deposition to fine-tune the surface properties and diameters
of fabricated nanopores,” Nano Letters, vol. 4, no. 7, pp. 1333-1337, 2004.

J. A. Rodriguez-Manzo, M. Puster, A. Nicolai, V. Meunier, and M. Drndi¢,
“DNA Translocation in Nanometer Thick Silicon Nanopores,” ACS Nano, vol. 9,
no. 6, pp. 6555-6564, 2015.

R. F. Egerton, P. Li, and M. Malac, “Radiation damage in the TEM and SEM,”
Micron, vol. 35, no. 6, pp. 399-409, 2004.

C. A. Merchant, K. Healy, M. Wanunu, V. Ray, N. Peterman, J. Bartel, M. D.
Fischbein, K. Venta, Z. Luo, A. T. Johnson, and M. Drndi¢, “DNA translocation
through graphene nanopores,” Nano Letters, vol. 10, no. 8, pp. 2915-2921, 2010.

S. M. Gilbert, G. Dunn, A. Azizi, T. Pham, B. Shevitski, E. Dimitrov, S. Liu,
S. Aloni, and A. Zettl, “Fabrication of Subnanometer-Precision Nanopores in
Hexagonal Boron Nitride,” Scientific Reports, vol. 7, no. 1, pp. 4-8, 2017.

J. Feng, K. Liu, R. D. Bulushev, S. Khlybov, D. Dumcenco, A. Kis, and
A. Radenovic, “Identification of single nucleotides in MoS2 nanopores,” Na-
ture Nanotechnology, vol. 10, no. 12, pp. 1070-1076, 2015.

J. Shim, S. Banerjee, H. Qiu, K. K. Smithe, D. Estrada, J. Bello, E. Pop,
K. Schulten, and R. Bashir, “Detection of methylation on dsDNA using
nanopores in a MoS2 membrane,” Nanoscale, vol. 9, no. 39, pp. 14836—14845,
2017.

G. Danda, P. Masih Das, Y. C. Chou, J. T. Mlack, W. M. Parkin, C. H.
Naylor, K. Fujisawa, T. Zhang, L. B. Fulton, M. Terrones, A. T. Johnson, and
M. Drndi¢, “Monolayer WS2 Nanopores for DNA Translocation with Light-
Adjustable Sizes,” ACS Nano, vol. 11, no. 2, pp. 1937-1945, 2017.

J. J. Kasianowicz, J. W. Robertson, E. R. Chan, J. E. Reiner, and V. M. Stan-
ford, “Nanoscopic Porous Sensors,” Annual Review of Analytical Chemistry,
vol. 1, no. 1, pp. 737-766, 2008.

D. Branton, D. W. Deamer, A. Marziali, H. Bayley, S. A. Benner, T. Butler,
M. Di Ventra, S. Garaj, A. Hibbs, X. Huang, S. B. Jovanovich, P. S. Krstic,
S. Lindsay, X. S. Ling, C. H. Mastrangelo, A. Meller, J. S. Oliver, Y. V. Pershin,
J. M. Ramsey, R. Riehn, G. V. Soni, V. Tabard-Cossa, M. Wanunu, M. Wig-
gin, and J. A. Schloss, “The potential and challenges of nanopore sequencing,”
Nature Biotechnology, vol. 26, no. 10, pp. 1146-1153, 2008.

J. K. Rosenstein, M. Wanunu, C. Merchant, M. Drndi¢, and K. L. Shepard, “In-
tegrated nanopore sensing platform with sub-microsecond temporal resolution,”
Nature Methods, vol. 9, no. 5, pp. 487-492, 2012.

166



[60]

[61]

[62]

[63]

[64]

[66]

[67]

S. Shekar, D. J. Niedzwiecki, C.-C. Chien, P. Ong, D. A. Fleischer, J. Lin, J. K.
Rosenstein, M. Drndi¢, and K. L. Shepard, “Measurement of DNA translocation
dynamics in a solid-state nanopore at 100 ns temporal resolution,” Nano Letters,
vol. 16, no. 7, pp. 4483-4489, 2016.

M. Wanunu, J. Sutin, B. McNally, A. Chow, and A. Meller, “DNA transloca-
tion governed by interactions with solid-state nanopores,” Biophysical Journal,
vol. 95, no. 10, pp. 47164725, 2008.

J. Kong, N. A. Bell, and U. F. Keyser, “Quantifying Nanomolar Protein Con-
centrations Using Designed DNA Carriers and Solid-State Nanopores,” Nano
Letters, vol. 16, no. 6, pp. 3557-3562, 2016.

Y. He, M. Tsutsui, R. H. Scheicher, F. Bai, M. Taniguchi, and T. Kawai,
“Thermophoretic manipulation of DNA translocation through nanopores,” ACS
Nano, vol. 7, no. 1, pp. 538-546, 2013.

R. Akahori, I. Yanagi, Y. Goto, K. Harada, T. Yokoi, and K. I. Takeda, “Dis-
crimination of three types of homopolymers in single-stranded DNA with solid-
state nanopores through external control of the DNA motion,” Scientific Re-
ports, vol. 7, no. 1, pp. 1-14, 2017.

J. T. Simpson, R. E. Workman, P. C. Zuzarte, M. David, L. J. Dursi, and
W. Timp, “Detecting DNA cytosine methylation using nanopore sequencing,”
Nature Methods, vol. 14, no. 4, pp. 407-410, 2017.

A. C. Rand, M. Jain, J. M. Eizenga, A. Musselman-Brown, H. E. Olsen, M. Ake-
son, and B. Paten, “Mapping DNA methylation with high-throughput nanopore
sequencing,” Nature Methods, vol. 14, no. 4, pp. 411-413, 2017.

Y. Wang, Y. Zhang, Y. Guo, and X. F. Kang, “Fast and precise detection
of DNA methylation with tetramethylammonium-filled nanopore,” Scientific
Reports, vol. 7, no. 1, p. 183, 2017.

L. Restrepo-Pérez, C. Joo, and C. Dekker, “Paving the way to single-molecule
protein sequencing,” Nature Nanotechnology, vol. 13, no. 9, pp. 786-796, 2018.

E. Kennedy, Z. Dong, C. Tennant, and G. Timp, “Reading the primary struc-
ture of a protein with 0.07 nm3 resolution using a subnanometre-diameter pore,”
Nature Nanotechnology, vol. 11, no. 11, pp. 968-976, 2016.

P. Waduge, R. Hu, P. Bandarkar, H. Yamazaki, B. Cressiot, Q. Zhao, P. C.
Whitford, and M. Wanunu, “Nanopore-Based Measurements of Protein Size,
Fluctuations, and Conformational Changes,” ACS Nano, p. acsnano.7b01212,
2017.

D. J. Niedzwiecki, C. J. Lanci, G. Shemer, P. S. Cheng, J. G. Saven, and
M. Drndié¢, “Observing Changes in the Structure and Oligomerization State of
a Helical Protein Dimer Using Solid-State Nanopores,” ACS Nano, vol. 9, no. 9,
pp. 8907-8915, 2015.

167



[72]

73]

[74]

[75]

[76]

[77]

N. Varongchayakul, D. Huttner, M. W. Grinstaff, and A. Meller, “Sensing native
protein solution structures using a solid-state nanopore: Unraveling the States
of VEGF,” Scientific Reports, vol. 8, no. 1, p. 1017, 2018.

N. A. W. Bell and U. F. Keyser, “Specific protein detection using designed DNA
carriers and nanopores,” Journal of the American Chemical Society, vol. 137,
no. 5, pp. 2035-2041, 2015.

N. A. Bell and U. F. Keyser, “Digitally encoded DNA nanostructures for multi-
plexed, single-molecule protein sensing with nanopores,” Nature Nanotechnol-
ogy, vol. 11, no. 7, pp. 645-651, 2016.

C. Plesa, S. W. Kowalczyk, R. Zinsmeester, A. Y. Grosberg, Y. Rabin, and
C. Dekker, “Fast translocation of proteins through solid state nanopores,” Nano
Letters, vol. 13, no. 2, pp. 658-663, 2013.

B. Lu, F. Albertorio, D. P. Hoogerheide, and J. A. Golovchenko, “Origins and
consequences of velocity fluctuations during DNA passage through a nanopore,”
Biophysical Journal, vol. 101, no. 1, pp. 70-79, 2011.

U. F. Keyser, B. N. Koeleman, S. Van Dorp, D. Krapf, R. M. M. Smeets, S. G.
Lemay, N. H. Dekker, and C. Dekker, “Direct force measurements on DNA in
a solid-state nanopore,” Nature Physics, vol. 2, no. 7, pp. 473—-477, 2006.

I. M. Derrington, J. M. Craig, E. Stava, A. H. Laszlo, B. C. Ross, H. Brinkerhoff,
[. C. Nova, K. Doering, B. I. Tickman, M. Ronaghi, J. G. Mandell, K. L.
Gunderson, and J. H. Gundlach, “Subangstrom single-molecule measurements

of motor proteins using a nanopore,” Nature Biotechnology, vol. 33, no. 10,
pp. 1073-1075, 2015.

O. K. Dudko, J. Mathé, A. Szabo, A. Meller, and G. Hummer, “Extracting
kinetics from single-molecule force spectroscopy: Nanopore unzipping of DNA
hairpins,” Biophysical Journal, vol. 92, no. 12, pp. 4188-4195, 2007.

O. K. Dudko, G. Hummer, and A. Szabo, “Theory, analysis, and interpretation
of single-molecule force spectroscopy experiments,” Proceedings of the National
Academy of Sciences, vol. 105, no. 41, pp. 15755-15760, 2008.

S. W. Kowalczyk, A. Y. Grosberg, Y. Rabin, and C. Dekker, “Modeling the con-
ductance and DNA blockade of solid-state nanopores,” Nanotechnology, vol. 22,
no. 31, p. 315101, 2011.

J. E. Hall, “Access resistance of a small circular pore.,” The Journal of general
physiology, vol. 66, no. 4, pp. 531-532, 1975.

M. J. Kim, M. Wanunu, D. C. Bell, and A. Meller, “Rapid fabrication of uni-
formly sized nanopores and nanopore arrays for parallel DNA analysis,” Ad-
vanced Materials, vol. 18, no. 23, pp. 3149-3153, 2006.

168



[84]

[85]

[86]

[87]

[33]

[89]

[94]

[95]

M. Van Den Hout, A. R. Hall, M. Y. Wu, H. W. Zandbergen, C. Dekker, and
N. H. Dekker, “Controlling nanopore size, shape and stability,” Nanotechnology,
vol. 21, no. 11, 2010.

R. S. S. de Zoysa, D. A. Jayawardhana, Q. Zhao, D. Wang, D. W. Armstrong,
and X. Guan, “Slowing DNA Translocation through Nanopores using Organic
Salt Solutions,” Journal of Physical Chemistry B, vol. 113, pp. 13332-13336,
2009.

J. Comer and A. Aksimentiev, “DNA sequence-dependent ionic currents in
ultra-small solid-state nanopores,” Nanoscale, vol. 8, no. 18, pp. 9600-9613,
2016.

E. Slonkina and A. B. Kolomeisky, “Polymer translocation through a long
nanopore,” Journal of Chemical Physics, vol. 118, no. 15, pp. 7112-7118, 2003.

D. Y. Ling and X. S. Ling, “On the distribution of DNA translocation times
in solid-state nanopores: an analysis using Schrodinger’s first-passage-time the-
ory.,” J. Phys.: Condens. Matter, vol. 25, no. 37, p. 375102, 2013.

C. Plesa, N. van Loo, P. Ketterer, H. Dietz, and C. Dekker, “Velocity of DNA
during translocation through a solid-state nanopore.,” Nano letters, vol. 15,
no. 1, pp. 732-737, 2015.

B. M. Venkatesan and R. Bashir, “Nanopore sensors for nucleic acid analysis,”
Nature Nanotechnology, vol. 6, no. 10, pp. 615-624, 2011.

H. Yoshida, Y. Goto, R. Akahori, Y. Tada, S. Terada, M. Komura, and T Iyoda,
“Slowing the translocation of single-stranded DNA by using nano-cylindrical
passage self-assembled by amphiphilic block copolymers,” Nanoscale, vol. 8,
no. 43, pp. 18270-18276, 2016.

E. C. Yusko, J. M. Johnson, S. Majd, P. Prangkio, R. C. Rollings, J. Li, J. Yang,
and M. Mayer, “Controlling protein translocation through nanopores with bio-
inspired fluid walls,” Nature Nanotechnology, vol. 6, no. 4, pp. 253-260, 2011.

E. C. Yusko, B. R. Bruhn, O. M. Eggenberger, J. Houghtaling, R. C. Rollings,
N. C. Walsh, S. Nandivada, M. Pindrus, A. R. Hall, D. Sept, J. Li, D. S.
Kalonia, and M. Mayer, “Real-time shape approximation and fingerprinting
of single proteins using a nanopore,” Nature Nanotechnology, vol. 12, no. 4,
pp. 360-367, 2017.

G. M. Cherf, K. R. Lieberman, H. Rashid, C. E. Lam, K. Karplus, and M. Ake-
son, “Automated forward and reverse ratcheting of DNA in a nanopore at 5-A
precision,” Nature Biotechnology, vol. 30, no. 4, pp. 344-348, 2012.

M. Wanunu, W. Morrison, Y. Rabin, A. Y. Grosberg, and A. Meller, “Electro-
static focusing of unlabelled DNA into nanoscale pores using a salt gradient,”
Nature Nanotechnology, vol. 5, no. 2, pp. 160-165, 2010.

169



[96]

[97]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]

108

[109]

M. Zhang, C. Ngampeerapong, D. Redin, A. Ahmadian, I. Sychugov, and J. Lin-
nros, “Thermophoresis-Controlled Size-Dependent DNA Translocation through
an Array of Nanopores,” ACS Nano, vol. 12, no. 5, pp. 4574-4582, 2018.

D. Fologea, J. Uplinger, B. Thomas, D. S. McNabb, and J. Li, “Slowing DNA
translocation in a solid-state nanopore,” Nano Letters, vol. 5, no. 9, pp. 1734—
1737, 2005.

C. Plesa, N. Van Loo, and C. Dekker, “DNA nanopore translocation in gluta-
mate solutions,” Nanoscale, vol. 7, no. 32, pp. 1360513609, 2015.

R. M. M. Smeets, U. F. Keyser, D. Krapf, M. Y. Wu, N. H. Dekker, and
C. Dekker, “Salt dependence of ion transport and DNA translocation through
solid-state nanopores,” Nano Letters, vol. 6, no. 1, pp. 89-95, 2006.

S. W. Kowalczyk, D. B. Wells, A. Aksimentiev, and C. Dekker, “Slowing down
DNA translocation through a nanopore in lithium chloride,” Nano Letters,
vol. 12, no. 2, pp. 1038-1044, 2012.

J. K. Rosenstein and K. L. Shepard, “Temporal resolution of nanopore sensor
recordings,” Proceedings of the Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, EMBS, pp. 4110-4113, 2013.

C. Wen, S. Zeng, K. Arstila, T. Sajavaara, Y. Zhu, Z. Zhang, and S.-L. Zhang,
“Generalized Noise Study of Solid-State Nanopores at Low Frequencies,” ACS
Sensors, p. acssensors.6b00826, 2017.

R. M. M. Smeets, U. F. Keyser, N. H. Dekker, and C. Dekker, “Noise in solid-
state nanopores,” Proceedings of the National Academy of Sciences, vol. 105,
no. 2, pp. 417-421, 2008.

R. M. M. Smeets, N. H. Dekker, and C. Dekker, “Low-frequency noise in solid-
state nanopores,” Nanotechnology, vol. 20, no. 9, p. 095501, 2009.

R. Sarpeshkar, Ultra Low Power Bioelectronics: Fundamentals, Biomedical Ap-
plications, and Bio-Inspired Systems. 2010.

B. Razavi, Design of Analog CMOS Integrated Clircuits. McGraw Hill, 2016.

R. M. M. Smeets, U. F. Keyser, M. Y. Wu, N. H. Dekker, and C. Dekker,
“Nanobubbles in solid-state nanopores,” Physical Review Letters, vol. 97, no. 8,
pp- 1-4, 2006.

V. Tabard-Cossa, D. Trivedi, M. Wiggin, N. N. Jetha, and A. Marziali, “Noise
analysis and reduction in solid-state nanopores,” Nanotechnology, vol. 18,
p. 305505, 2007.

A. Hassibi, R. Navid, R. W. Dutton, and T. H. Lee, “Comprehensive study of
noise processes in electrode electrolyte interfaces,” Journal of Applied Physics,
vol. 96, no. 2, pp. 1074-1082, 2004.

170



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]
[122]
[123]

[124]

P. Lauger, “Shot noise in ion channels,” Biochimica et Biophysica Acta (BBA)
- Biomembranes, vol. 413, no. 1, pp. 1-10, 1975.

D. P. Hoogerheide, S. Garaj, and J. A. Golovchenko, “Probing surface charge
fluctuations with solid-state nanopores,” Physical Review Letters, vol. 102,
no. 25, pp. 58, 2009.

H. Frohlich, Theory of Dielectrics: Dielectric Constant and Dielectric Loss.
Oxford University Press, 1949.

E. Neher and B. Sakmann, “Single-channel currents recorded from membrane
of denervated frog muscle fibres,” Nature, vol. 260, no. 5554, pp. 799-802, 1976.

F. J. Sigworth and E. Neher, “Single Na+ channel currents observed in cultured
rat muscle cells,” Nature, vol. 287, no. 5781, pp. 447-449, 1980.

A. S. Finkel and P. W. Gage, “Conventional Voltage Clamping With Two In-
tracellular Microelectrodes,” Voltage and Patch Clamping with Microelectrodes,
no. 12, pp. 47-94, 1985.

A. S. Finkel and S. J. Redman, “Optimal Voltage Clamping with Single Elec-
trode,” Voltage and Patch Clamping with Micorelectrodes, pp. 95—120, 1985.

R. Brette, Z. Piwkowska, C. Monier, M. Rudolph-Lilith, J. Fournier, M. Levy,
Y. Frégnac, T. Bal, and A. Destexhe, “High-Resolution Intracellular Recordings
Using a Real-Time Computational Model of the Electrode,” Neuron, vol. 59,
no. 3, pp. 379-391, 2008.

J. F. Gomez-Gonzalez, A. Destexhe, and T. Bal, “Application of active elec-
trode compensation to perform continuous voltage-clamp recordings with sharp
microelectrodes,” Journal of Neural Engineering, vol. 11, no. 5, 2014.

O. P. Hamill, A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth, “Improved
patch-clamp techniques for high-resolution current recording from cells and
cell-free membrane patches,” Pfligers Archiv European Journal of Physiology,
vol. 391, no. 2, pp. 85—-100, 1981.

L. C. Gross, A. J. Heron, S. C. Baca, and M. I. Wallace, “Determining mem-
brane capacitance by dynamic control of droplet interface bilayer area,” Lang-
muir, vol. 27, no. 23, pp. 14335-14342, 2011.

A. L. Inc., “Axopatch 200B Patch Clamp - Theory and Operation,” 1999.
Molecular Devices, “MultiClamp 700B Amplifier.”

R. A. Levis and J. L. Rae, “Constructing a patch clamp setup,” Methods in
Enzymology, vol. 207, no. C, pp. 14-66, 1992.

F. J. Sigworth, “Design of the EPC-9, a computer-controlled patch-clamp am-
plifier. 1. Hardware,” Journal of Neuroscience Methods, vol. 56, no. 2, pp. 195—
202, 1995.

171



[125]

[126]

[127)

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

F. Laiwalla, K. G. Klemic, F. J. Sigworth, and E. Culurciello, “An integrated
patch-clamp amplifier in silicon-on-sapphire CMOS,” IEEE Transactions on
Circuits and Systems I: Reqular Papers, vol. 53, no. 11, pp. 2364-2370, 2006.

P. Weerakoon, K. Klemic, F. Sigworth, and E. Culurciello, “An Integrated
Patch-Clamp Amplifier for High-Density Whole-Cell Recordings,” 2007 IEEE
International Symposium on Circuits and Systems, pp. 1205-1208, 2007.

P. Weerakoon, E. Culurciello, Y. Yang, J. Santos-Sacchi, P. J. Kindlmann, and
F. J. Sigworth, “Patch-clamp amplifiers on a chip,” Journal of Neuroscience
Methods, vol. 192, no. 2, pp. 187-192, 2010.

B. Goldstein, K. Choe, F. J. Sigworth, and E. Culurciello, “A four-channel
integrated patch-clamp amplifier with current-clamp capability,” in Midwest
Symposium on Clircuits and Systems, pp. 1-4, 2011.

R. R. Harrison, I. Kolb, S. B. Kodandaramaiah, A. A. Chubykin, A. Yang, M. F.
Bear, E. S. Boyden, and C. Forest, “Microchip amplifier for in vitro, in vivo,
and automated whole-cell patch-clamp recording.,” Journal of neurophysiology,
vol. 113, no. 4, pp. 1275-1282, 2014.

S. B. Kodandaramaiah, G. T. Franzesi, B. Y. Chow, E. S. Boyden, and C. R.
Forest, “Automated whole-cell patch-clamp electrophysiology of neurons in
vivo,” Nature Methods, vol. 9, no. 6, pp. 585—-587, 2012.

G. Ferrari and M. Sampietro, “Wide bandwidth transimpedance amplifier for
extremely high sensitivity continuous measurements,” Review of Scientific In-
struments, vol. 78, no. 9, 2007.

G. Ferrari, F. Gozzini, A. Molari, and M. Sampietro, “Transimpedance amplifier
for high sensitivity current measurements on nanodevices,” in IEEE Journal of
Solid-State Clircuits, vol. 44, pp. 1609-1616, 2009.

J. Hu, Y. B. Kim, and J. Ayers, “A low power 100M$2 CMOS front-end trans-
impedance amplifier for biosensing applications,” Midwest Symposium on Cir-
cuits and Systems, pp. 541-544, 2010.

J. Kim, R. Maitra, K. D. Pedrotti, and W. B. Dunbar, “A patch-clamp ASIC
for nanopore-based DNA analysis,” IEEE Transactions on Biomedical Circuits
and Systems, vol. 7, no. 3, pp. 285-295, 2013.

P. Ciccarella, M. Carminati, G. Ferrari, R. L. Fraccari, and A. Bahrami,
“Integrated low-noise current amplifier for glass-based nanopore sensing,” in
2014 10th Conference on Ph.D. Research in Microelectronics and Electronics
(PRIME), pp. 1-4, 2014.

M. Crescentini, M. Bennati, S. C. Saha, J. Ivica, M. de Planque, H. Morgan,
and M. Tartagni, “A low-noise transimpedance amplifier for BLM-based ion
channel recording,” Sensors (Switzerland), vol. 16, no. 5, pp. 1-20, 2016.

172



[137]

[138]

[139]

[140]

141]

142]

[143]

[144]

[145]

[146]
[147]

[148]
[149]
[150]

S. Magierowski, Y. Huang, C. Wang, and E. Ghafar-Zadeh, “Nanopore-CMOS
interfaces for DNA sequencing,” Biosensors, vol. 6, no. 3, pp. 1-28, 2016.

M. Taherzadeh-Sani, S. M. H. Hussaini, H. Rezaee-Dehsorkh, F. Nabki, and
M. Sawan, “A 170-dB CMOS TIA With 52-pA Input-Referred Noise and 1-
MHz Bandwidth for Very Low Current Sensing,” IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, pp. 1-11, 2017.

K. A. White, G. Mulberry, J. Smith, M. Lindau, B. Minch, K. Sugaya, and B. N.
Kim, “Single-Cell Recording of Vesicle Release from Human Neuroblastoma
Cells using 1024-ch Monolithic CMOS Bioelectronics,” IEEE Transactions on
Biomedical Circuits and Systems, vol. 4545, no. ¢, pp. 1-11, 2018.

M. Crescentini, M. Bennati, M. Carminati, and M. Tartagni, “Noise limits
of CMOS current interfaces for biosensors: A review,” IEEE Transactions on
Biomedical Circuits and Systems, vol. 8, no. 2, pp. 278-292, 2014.

S. Dai and J. K. Rosenstein, “A dual-mode low-noise nanosensor front-end with
155-dB dynamic range,” in IEEFE Biomedical Circuits and Systems Conference:
Engineering for Healthy Minds and Able Bodies, BioCAS 2015 - Proceedings,
pp. 1-4, 2015.

7. Gu, H. Wang, Y. L. Ying, and Y. T. Long, “Ultra-low noise measurements
of nanopore-based single molecular detection,” Science Bulletin, vol. 62, no. 18,
pp. 1245-1250, 2017.

C. L. Hsu, H. Jiang, A. G. Venkatesh, and D. A. Hall, “A Hybrid Semi-Digital
Transimpedance Amplifier With Noise Cancellation Technique for Nanopore-
Based DNA Sequencing,” IEEE Transactions on Biomedical Circuits and Sys-
tems, vol. 9, no. 5, pp. 652661, 2015.

J. K. Rosenstein, Noise Optimization for High-Bandwidth Ion Channel Record-
ings. PhD thesis, Columbia University, 2013.

P. Levine, Active CMOS Biochips for Electrochemical DNA Assays. PhD thesis,
Columbia University, 2009.

M. Peter, “White Paper - Thick film resistor flicker noise,” Tech. Rep. 6, 2013.

L. D. Paarmann, Design and Analysis of Analog Filters: A Signal Processing
Perspective. Kluwer Academic Publishers, 2001.

L. Zumbahlen, “Staying Well Grounded,” Analog Dialogue, pp. 1-9, 2012.
0. Kelly, “FrontPanel User’s Manual,” 2015.

B. J. Polk, A. Stelzenmuller, G. Mijares, W. MacCrehan, and M. Gaitan,
“Ag/AgCl microelectrodes with improved stability for microfluidics,” Sensors
and Actuators, B: Chemical, vol. 114, no. 1, pp. 239-247, 2006.

173



[151]

[152]

[153]

[154]

[155]

[156]

[157]

158

[159]

[160]

[161]

[162]

C. Raillon, P. Granjon, M. Graf, L. J. Steinbock, and A. Radenovic, “Fast
and automatic processing of multi-level events in nanopore translocation ex-
periments,” Nanoscale, vol. 4, no. 16, p. 4916, 2012.

C. Plesa and C. Dekker, “Data analysis methods for solid-state nanopores,”
Nanotechnology, vol. 26, no. 8, 2015.

A. Balijepalli, J. Ettedgui, A. T. Cornio, J. W. F. Robertson, K. P. Cheung,
J. J. Kasianowicz, and C. Vaz, “Quantifying Short-Lived Events in Multistate
Ionic Current Measurements,” ACS Nano, vol. 8, no. 2, pp. 1547-1553, 2015.

J. H. Forstater, K. Briggs, J. W. Robertson, J. Ettedgui, O. Marie-Rose, C. Vaz,
J. J. Kasianowicz, V. Tabard-Cossa, and A. Balijepalli, “MOSAIC: A modu-
lar single-molecule analysis interface for decoding multistate nanopore data,”
Analytical Chemistry, vol. 88, no. 23, pp. 11900-11907, 2016.

A. T. Carlsen, O. K. Zahid, J. Ruzicka, E. W. Taylor, and A. R. Hall, “Inter-
preting the conductance blockades of DNA translocations through solid-state
nanopores,” ACS Nano, vol. 8, no. 5, pp. 4754-4760, 2014.

A. Balan, B. Machielse, D. Niedzwiecki, J. Lin, P. Ong, R. Engelke, K. L. Shep-
ard, and M. Drndié¢, “Improving signal-to-noise performance for DNA translo-
cation in solid-state nanopores at MHz bandwidths,” Nano Letters, vol. 14,
no. 12, pp. 7215-7220, 2014.

A. Balan, C. C. Chien, R. Engelke, and M. Drndi¢, “Suspended Solid-state
Membranes on Glass Chips with Sub 1-pF Capacitance for Biomolecule Sensing
Applications,” Scientific Reports, vol. 5, no. November, p. 17775, 2015.

K.-B. Park, H.-J. Kim, Y.-H. Kang, J.-S. Yu, H. Chae, K. Lee, H.--M. Kim, and
K.-B. Kim, “Highly Reliable and Low-Noise Solid-State Nanopores with an
Atomic Layer Deposited ZnO Membrane on a Quartz Substrate,” Nanoscale,
pp. 18772-18780, 2017.

M. H. Lee, A. Kumar, K. B. Park, S. Y. Cho, H. M. Kim, M. C. Lim, Y. R.
Kim, and K. B. Kim, “A low-noise solid-state nanopore platform based on a
highly insulating substrate,” Scientific Reports, vol. 4, 2014.

W. H. Pitchford, H. J. Kim, A. P. Ivanov, H. M. Kim, J. S. Yu, R. J. Leatherbar-
row, T. Albrecht, K. B. Kim, and J. B. Edel, “Synchronized optical and elec-
tronic detection of biomolecules using a low noise nanopore platform,” ACS
Nano, vol. 9, no. 2, pp. 1740-1748, 2015.

R. L. Fraccari, M. Carminati, G. Piantanida, T. Leontidou, G. Ferrari, and
T. Albrecht, “High-bandwidth detection of short DNA in nanopipettes,” Fara-
day Discussions, vol. 193, pp. 459-470, 2016.

J. K. Rosenstein, S. Ramakrishnan, J. Roseman, and K. L. Shepard, “Single
ion channel recordings with CMOS-anchored lipid membranes,” Nano Letters,
vol. 13, no. 6, pp. 2682-2686, 2013.

174



[163]

164]

[165]

[166]

167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

A. J. W. Hartel, P. Ong, I. Schroeder, M. H. Giese, S. Shekar, O. B. Clarke,
R. Zalk, A. R. Marks, W. A. Hendrickson, and K. L. Shepard, “Single-
channel recordings of RyR1 at microsecond resolution in CMOS-suspended

membranes,” Proceedings of the National Academy of Sciences, vol. 115, no. 8,
pp. E1789-E1798, 2018.

J. Zhang, X. Liu, Y.-L. Ying, Z. Gu, F.-N. Meng, and Y.-T. Long, “High-
bandwidth nanopore data analysis by using a modified hidden Markov model,”
Nanoscale, vol. 9, no. 10, pp. 3458-3465, 2017.

K. J. Emmett, J. K. Rosenstein, J. W. V. D. Meent, K. L. Shepard, and C. H.
Wiggins, “Statistical inference for nanopore sequencing with a biased random
walk model,” Biophysical Journal, vol. 108, no. 8, pp. 1852-1855, 2015.

W. Timp, J. Comer, and A. Aksimentiev, “DNA base-calling from a nanopore
using a viterbi algorithm,” Biophysical Journal, vol. 102, no. 10, 2012.

L. Venkataramanan, J. L. Walsh, R. Kuc, and F. J. Sigworth, “Identification
of hidden markov models for ion channel currents-Part I: Colored background

noise,” IEEFE Transactions on Signal Processing, vol. 46, no. 7, pp. 1901-1915,
1998.

L. Venkataramanan, R. Kuc, and F. Sigworth, “Identification of hidden Markov
models for ion channel currents\n.III. Bandlimited, sampled data,” [EEE
Transactions on Signal Processing, vol. 48, no. 2, pp. 376-385, 2000.

L. Venkataramanan and F. J. Sigworth, “Applying hidden Markov models to
the analysis of single ion channel activity.,” Biophysical journal, vol. 82, no. 4,
pp. 1930-1942, 2002.

F. Qin, “Restoration of Single-Channel Currents Using the Segmental k-Means
Method Based on Hidden Markov Modeling,” Biophysical Journal, vol. 86,
no. 3, pp. 1488-1501, 2004.

S. G. Mallat, “A Theory for Multiresolution Signal Decomposition: The
Wavelet Representation,” IEEE Transactions on Pattern Analysis and Machine
Intelligence, vol. 11, no. 7, pp. 674-693, 1989.

G. Strang, “Wavelet transforms versus fourier transforms,” Bulletin of the
American Mathematical Society, vol. 28, no. 2, pp. 288-305, 1993.

D. L. Donoho and I. M. Johnstone, “Adapting to unknown smoothness via

wavelet shrinkage,” Journal of the American Statistical Association, vol. 90,
no. 432, pp. 1200-1224, 1995.

R. R. Coifman and D. L. Donoho, Translation-Invariant De-Noising, vol. 103.
Springer, New York, NY, 1995.

175



[175]

[176]

[177]

178]

[179)

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

P. C. Ivanov, M. G. Rosenblum, C. K. Peng, J. Mietus, S. Havlin, H. E. Stanley,
and A. L. Goldberger, “Scaling behaviour of heartbeat intervals obtained by
wavelet-based time- series analysis,” 1996.

P. Chaovalit, A. Gangopadhyay, G. Karabatis, and Z. Chen, “Discrete wavelet
transform-based time series analysis and mining,” ACM Computing Surveys,
vol. 43, no. 2, pp. 1-37, 2011.

C. Torrence and G. P. Compo, “A Practical Guide to Wavelet Analysis,” Bul-
letin of the American Meteorological Society, vol. 79, no. 1, pp. 61-78, 1998.

D. B. Percival and A. T. Walden, “Introduction to wavelets,” in Wavelet Meth-
ods for Time Series Analysis, 2000.

E. Bullmore, C. Long, J. Suckling, J. Fadili, G. Calvert, F. Zelaya, T. A. Car-
penter, M. Brammer, J. Fadiwj, G. Calvertl, F. Zelaya, A. Carpenter, and
M. Brammers, “Colored noise and computational inference in fMRI time se-
ries analysis : resampling methods in time and wavelet domains Slnstitute of
Psychiatry KCL |, London UK,” Human brain mapping, vol. 78, no. 6, p. 2001,
2001.

A. Hosein-Sooklal and A. Kargol, “Wavelet analysis of nonequilibrium ionic cur-
rents in human heart sodium channel (hH1a),” Journal of Membrane Biology,
vol. 188, no. 3, pp. 199-212, 2002.

A. V. Jagtiani, R. Sawant, J. Carletta, and J. Zhe, “Wavelet transform-based
methods for denoising of Coulter counter signals,” Measurement Science and
Technology, vol. 19, no. 6, p. 065102, 2008.

N. Arjmandi, W. Van Roy, L. Lagae, and G. Borghs, “Improved Algorithms
for Nanopore Signal Processing,” in Nanopores for Bioanalytical Applications:
Proceedings of the International Conference, pp. 11-17, 2012.

A. Quotb, Y. Bornat, and S. Renaud, “Wavelet Transform for Real-Time De-
tection of Action Potentials in Neural Signals,” Frontiers in Neuroengineering,
vol. 4, no. July, pp. 1-10, 2011.

M. Srivastava, C. L. Anderson, and J. H. Freed, “A New Wavelet Denoising
Method for Selecting Decomposition Levels and Noise Thresholds,” IFEE Ac-
cess, vol. 4, pp. 3862-3877, 2016.

G. Lee, R. Gommers, F. Wasilewski, K. Wohlfahrt, A. O’Leary, H. Nahrstaedt,
and Contributors, “PyWavelets - Wavelet Transforms in Python.”

I. Daubechies, “Orthonormal bases of compactly supported wavelets,” Commu-
nications on Pure and Applied Mathematics, 1988.

A. Cohen, I. Daubechies, and J.-C. Feauveau, “Biorthogonal bases of sym-
metric compactly supported wavelets,” Communications on Pure and Applied
Mathematics, vol. XLV, pp. 485560, 1992.

176



[188]

[189)]

[190]

[191]

[192]

193]

[194]

[195]

[196]

[197]

198

[199]

M. Vetterli and C. Herley, “Wavelets and filter banks: Theory and design,”
IEEFE Transactions on Signal Processing, vol. 40, no. 9, pp. 2207—-2232, 1992.

D. L. Donoho and I. M. Johnstone, “Ideal spatial adpatation by wavelet shrink-
age,” Biometrika, vol. 81, no. June 1992, pp. 425-455, 1994.

I. M. Johnstone and B. W. Silverman, “Wavelet Threshold Estimators for Data
with Correlated Noise,” Journal of the Royal Statistical Society: Series B (Sta-
tistical Methodology), vol. 59, no. 2, pp. 319-351, 1997.

S. Chang, Bin Yu, and M. Vetterli, “Adaptive wavelet thresholding for image
denoising and compression,” IEEE Transactions on Image Processing, vol. 9,
no. 9, pp. 1532-1546, 2000.

H.-Y. Gao and A. G. Bruce, “WaveShrink with Firm Shrinkage,” Statistica
Sinica, vol. 7, pp. 855-874, 1997.

H.-Y. Gao, “Wavelet Shrinkage Denoising Using the Non-Negative Garrote,”
Journal of Computational and Graphical Statistics, vol. 7, no. 4, pp. 469488,
1998.

T. Ogden and E. Parzen, “Data dependent wavelet thresholding in nonpara-
metric regression with change-point applications,” Computational Statistics and
Data Analysis, vol. 22, no. 1, pp. 53-70, 1996.

S. O. Marx, S. Reiken, Y. Hisamatsu, T. Jayaraman, D. Burkhoff, N. Rosem-
blit, and A. R. Marks, “PKA phosphorylation dissociates FKBP12.6 from the
calcium release channel (ryanodine receptor): Defective regulation in failing
hearts,” Cell, vol. 101, no. 4, pp. 365-376, 2000.

X. H. Wehrens, S. E. Lehnart, F. Huang, J. A. Vest, S. R. Reiken, P. J. Mohler,
J. Sun, S. Guatimosim, L. S. Song, N. Rosemblit, J. M. D’Armiento, C. Napoli-
tano, M. Memmi, S. G. Priori, W. J. Lederer, and A. R. Marks, “FKBP12.6
deficiency and defective calcium release channel (ryanodine receptor) function

linked to exercise-induced sudden cardiac death,” Cell, vol. 113, no. 7, pp. 829—
840, 2003.

A. M. Bellinger, S. Reiken, C. Carlson, M. Mongillo, X. Liu, L. Rothman,
S. Matecki, A. Lacampagne, and A. R. Marks, “Hypernitrosylated ryanodine
receptor calcium release channels are leaky in dystrophic muscle,” Nature
Medicine, vol. 15, no. 3, pp. 325-330, 2009.

R. Zalk, O. B. Clarke, A. D. Georges, R. A. Grassucci, S. Reiken, F. Mancia,
W. A. Hendrickson, J. Frank, and A. R. Marks, “Structure of a mammalian
ryanodine receptor,” Nature, vol. 517, no. 7532, pp. 44-49, 2015.

A. des Georges, O. B. Clarke, R. Zalk, Q. Yuan, K. J. Condon, R. A. Grassucci,
W. A. Hendrickson, A. R. Marks, and J. Frank, “Structural Basis for Gating
and Activation of RyR1,” Cell, vol. 167, no. 1, pp. 145-157.e17, 2016.

177



200]

[201]

[202]

203]

204]

205

206]

207]

208

209]

[210]

S. Dai and J. K. Rosenstein, “A 15-V Bidirectional Current Clamp Circuit for
Integrated Patch Clamp Electrophysiology,” IEEE Transactions on Circuits
and Systems II: Express Briefs, vol. 64, no. 11, pp. 1287-1291, 2017.

P. Weerakoon, E. Culurciello, K. G. Klemic, and F. J. Sigworth, “An integrated
patch-clamp potentiostat with electrode compensation,” IEEE Transactions on
Biomedical Circuits and Systems, vol. 3, no. 2, pp. 117-125, 2009.

H. Li, S. Parsnejad, E. Ashoori, C. Thompson, E. K. Purcell, and A. J. Mason,
“Ultracompact Microwatt CMOS Current Readout with Picoampere Noise and
Kilohertz Bandwidth for Biosensor Arrays,” IEEE Transactions on Biomedical
Circuits and Systems, vol. 12, no. 1, pp. 35-46, 2018.

P. Weerakoon, F. J. Sigworth, P. J. Kindlmann, and E. Culurciello, “A
3nV/y/Hz rail-to-rail operational amplifier in silicon-on-sapphire with constant
transconductance,” Analog Integrated Clircuits and Signal Processing, vol. 65,
no. 2, pp. 311-319, 2010.

G. Ferrari, M. Farina, F. Guagliardo, M. Carminati, and M. Sampietro, “Ultra-
low-noise CMOS current preamplifier from DC to 1 MHz,” Electronics Letters,
vol. 45, no. 25, pp. 1278-1280, 2009.

A. J. Sherman, A. Shrier, and E. Cooper, “Series Resistance Compensation for
Whole-Cell Patch-Clamp Studies Using a Membrane State Estimator,” Bio-
physical Journal, vol. 77, no. 5, pp. 25902601, 1999.

K. Jayant, J. J. Hirtz, 1. J. L. Plante, D. M. Tsai, W. D. De Boer, A. Semonche,
D. S. Peterka, J. S. Owen, O. Sahin, K. L. Shepard, and R. Yuste, “Targeted
intracellular voltage recordings from dendritic spines using quantum-dot-coated
nanopipettes,” Nature Nanotechnology, vol. 12, no. 4, pp. 335-342, 2017.

G. Beaudoin III, D. S. Seung-Hye L, Y.-G. N. Yang Y, A. J. Reichardt L.F,
G. M. J. Beaudoin, S.-H. Lee, D. Singh, Y. Yuan, Y.-G. Ng, L. F. Reichardt,
and J. Arikkath, “Culturing pyramidal neurons from the early postnatal mouse
hippocampus and cortex,” Nature Protocols, vol. 7, no. 9, pp. 1741-1754, 2012.

Y.-T. L. Dingle, M. E. Boutin, A. M. Chirila, L. L. Livi, N. R. Labriola, L. M.
Jakubek, J. R. Morgan, E. M. Darling, J. A. Kauer, and D. Hoffman-Kim,
“Three-Dimensional Neural Spheroid Culture: An In Vitro Model for Cortical
Studies,” Tissue Engineering Part C: Methods, vol. 21, no. 12, pp. 1274-1283,
2015.

P. Fromherz, “Extracellular recording with transistors and the distribution of
ionic conductances in a cell membrane,” Furopean Biophysics Journal, vol. 28,
no. 3, pp. 254-258, 1999.

W. Sweldens, “The Lifting Scheme: A Custom-Design Construction of
Biorthogonal Wavelets,” Applied and Computational Harmonic Analysis, vol. 3,
pp. 186200, 1996.

178



[211] G. Q. Zhang, F. Van Roosmalen, and M. Graef, “The paradigm of "more than
Moore",” 6th International Conference on FElectronics Packaging Technology,
vol. 2005, 2005.

179



	List of Figures
	List of Tables
	Acknowledgments
	Introduction
	Thesis outline

	Background
	Introduction
	Nanopores
	Biological nanopores
	Solid-state nanopores
	Applications

	Signal and noise in nanopore recordings
	Nanopore recordings
	Signal-to-noise ratio
	Modeling signals
	Modeling noise
	SNR-constrained bandwidth

	Intracellular recordings
	Configurations
	Measurement modes
	Modeling the interface
	Need for compensation

	Multi-clamp amplifiers
	Commercial solutions
	Integrated approaches


	Design of a Low-Noise Nanopore Front-End
	Introduction
	Design considerations
	Input-referred voltage noise
	Unity-gain bandwidth
	Input and feedback capacitance
	DC gain
	Other considerations

	Chip design
	Integrator
	Voltage amplifier
	Output buffer
	Feedback network
	On-chip electrode
	Digital logic, ESD and biasing
	Layout and packaging

	Board design
	System overview
	Power domains
	Boosting filters
	Data acquisition
	Shielding

	Software
	FPGA
	PC

	Measurement results
	Summary

	High-Bandwidth Solid-State Nanopore Recordings
	Introduction
	High-bandwidth nanopore measurement platform
	Amplifier packaging and fluid chamber construction
	Ag/AgCl microelectrode formation
	Additional chip-surface passivation
	Ultra-thin nanopore fabrication
	Nanopore assembly

	Open-pore noise measurements
	Single-stranded DNA translocation
	Event calling
	Short-lived intra-event features
	Analysis of two-state events
	DNA translocation statistics
	Glass-passivated nanopores
	Inverting the amplifier's low-pass response

	Comparison to state of the art
	Summary

	Wavelet Denoising of Nanopore and Ion Channel Recordings
	Introduction
	Traditional approaches to denoising
	Wavelet transform
	Denoising using the wavelet transform

	Wavelet denoising of simulated pulses
	Choice of wavelet basis
	Choice of wavelet threshold and thresholding scheme
	Comparison to Bessel filters
	Effect of pulse width and initial SNR

	Wavelet denoising of nanopore recordings
	Wavelet denoising of ion channel recordings
	Summary

	Design of an Integrated Multi-Clamp Amplifier
	Introduction
	Current-clamp
	Design considerations
	Voltage buffer
	Capacitance compensation
	Current injection

	Voltage-clamp
	Design considerations
	Transimpedance amplifier
	Resistance compensation

	Board design
	System overview
	Chip packaging and assembly
	Power domains
	Data acquisition
	Shielding and assembly

	Electrical characterization
	Current-clamp
	Voltage-clamp
	Comparison to state of the art

	Experimental results
	Summary

	Conclusions
	Summary of contributions
	Future work
	Final thoughts

	References

