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Abstract

Transport processes through ion-channel proteins, protein pores, or solid-state nanopores are
traditionally recorded with commercial patch-clamp amplifiers. The bandwidth of these systems is
typically limited to 10 kHz by signal-to-noise-ratio (SNR) considerations associated with these
measurement platforms. At high bandwidth, the input-referred current noise in these systems
dominates, determined by the input-referred voltage noise of the transimpedance amplifier applied
across the capacitance at the input of the amplifier. This capacitance arises from several sources:
the parasitic capacitance of the amplifier itself; the capacitance of the lipid bilayer harboring the
ion channel protein (or the membrane used to form the solid-state nanopore); and the capacitance
from the interconnections between the electronics and the membrane. Here, we review state-of-
the-art applications of high-bandwidth conductance recordings of both ion channels and solid-state
nanopores. These approaches involve tightly integrating measurement electronics fabricated in
complementary metal-oxide semiconductors (CMOS) technology with lipid bilayer or solid-state
membranes. SNR improvements associated with this tight integration push the limits of
measurement bandwidths, in some cases in excess of 10 MHz. Recent case studies demonstrate the
utility of these approaches for DNA sequencing and ion-channel recordings. In the latter case,
studies with extended bandwidth have shown the potential for providing new insights into
structure-function relations of these ion-channel proteins as the temporal resolutions of functional
recordings matches time scales achievable with state-of-the-art molecular dynamics simulations.
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1. Introduction

The function of ion-channel proteins is vital to many cellular processes, such as metabolism,
energy harvesting, propagation of neuronal signals, and host-pathogen interactions. Aberrant
channel behaviors often cause pathological conditions [1], and ion channels are a common
drug target. In addition, as biomimetic leak channels, solid-state nanopores are also of
increasing interest in modern diagnostic and bio-sensing studies.

Conductance of both ion channels and nanopores are measured with voltage-clamp
amplifiers. These amplifiers "clamp” the voltage between two terminals and measure the
current. The ionic current signal is typically transduced into an electrical current through
silver/silver-chloride (Ag/AgCl) electrodes. These electrodes are immersed in two buffer-
filled compartments, which are separated by a chemically stable, ion-impermeable
membrane (e.g. polytetrafluoroethylene or silicon nitride). In this manner, the flow of ions
producing a measurable current is restricted to the single ion channel protein or nanopore of
interest integrated into the membrane. In the absence of fluctuations of the channel
conductance (e.g. due to ion-channel gating), the flow of ions is controlled by an
electrochemical potential difference (V/)0/e), Which can be created by any salt concentration
gradient or electrical potential across the membrane. The ionic current (A/ypy) is the flux of
ions from one compartment to the other in response to this electrochemical potential and is
converted to an electrical current at the Ag/AgCl electrode interface. This electrical current
is then converted to a voltage by a voltage-clamp amplifier, passed through an anti-aliasing
filter, digitized, and, if needed, further digitally filtered to improve the signal-to-noise ratio
(SNR) for band-limited signals.

The temporal resolution of such recordings is typically limited to microsecond time-scales
depending on the properties of the patch-clamp amplifier and the channel itself. On the other
hand, single-file translocations of ions are inherently faster, and depending on the
conductance of the pore, correspond to nanosecond time-scales. For example, the time
required for a monovalent ion to pass through an ion channel with a conductance of 100 pS
at a potential of 100 mV is ~15 ns, making the temporal resolution of conventional patch-
clamp amplifiers insufficient to resolve the smallest time scales of ion translocation
dynamics.
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2. Bandwidth limitations for voltage-clamp conductance measurements

In this section, we will consider the factors determining the temporal resolution of a voltage-
clamp measurements of an ion channel or nanopore.

2.1 Signal-to-noise, noise and parasitic capacitance

The temporal resolution, which is inversely related to the maximum recording bandwidth
(Bmax) in voltage-clamp recordings, is limited by the required signal-to-noise ratio (SNR).
The SNR in these recordings is defined as the ratio of the signal current amplitude defining
state transitions (A/yop) to the root-mean-square (RMS) current noise of the system (/y0/se);

Al
pore

SNR = (see Figure 1A). Typically, a SNR greater than three is sufficient for basic

noise
analysis of currents through channels, defining well-separated current level states in the
channel. In the case of ion channels, this is typically the open and closed state of the protein,
while for nanopores, this is the open and blocked state of the pore indicating the presence or
absence of a translocating molecule. Other more-closely-spaced states may also be
important, putting even more stringent requirements on noise levels.

Improvement of the SNR can be achieved either by increasing A/pge O by reducing /po/se.
Alpore typically has a linear response to the applied potential V)50 and is characterized by
the channel conductance Gpore The latter can be influenced by factors such as the channel
diameter and length, the salt concentration of the electrolyte, the charge of the conducting
ions, and the temperature of the system [2-4]. The largest value of V. that can be applied
is dependent on the experimental system in use. For solid-state nanopores, V. can be as
high as 1 V, limited by hydrolysis of water; in experiments with lipid bilayers, Ve is
typically limited to 200-300 mV by the electroporation potential of the lipid bilayer [5].

Inoise 1S dominated by different noise sources depending on frequency. Figure 1B shows a
qualitative plot of the input-referred current noise spectrum for a measurement platform
consisting of a patch-clamp amplifier and a channel of interest. The shape of the noise
spectrum results from the combination of several different noise sources, each having a
frequency regime in which they are dominant. At low frequencies, the noise spectrum is

dominated by the flicker noise, or 1/f, noise, of the channel itself (see Figure 1B). The

2
pore

s
f
normalized noise amplitude, fis the frequency, A/, is the current through the pore and g ~
1 [6]. Flicker noise is generally attributed to fluctuations due to charge trapping or charge
scattering. Flicker noise has been measured in both ion channels and solid-state nanopores
[7. 8].

flicker noise power spectral density (A%/Hz) is given by 81, flicker = , Where A is the

Beyond the flicker noise corner frequency (denoted as £; in Figure 1B), the noise is white,

due to Johnson noise contributed by both the channel and the voltage-clamp amplifier. The
4k, T

. - B
RMS thermal noise from the channel conductance is given by St thermal = & where Rpore

pore

is the resistance of the channel, kg is the Boltzmann constant and 7 is temperature. The
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floor of the system, where Rr.qqpack 1S the feedback resistance of the amplifiers. The
spectrum reaches another noise corner at fo. Here, the noise spectrum often has a region of £
dependence, which can be attributed to one of two sources. The first is attributed to
dielectric losses in the membrane; this dissipation is frequency dependent and the resulting
Fdependent noise is given by S; s= 8 tkg TDCyyf Where Dis the dielectric loss coefficient
[6, 10]. Another source of the Fnoise is input-referred voltage flicker noise from the

amplifier also contributes thermal noise S and represents the noise

1, amp thermal = R

A
_ Aamp . ) A .
V. flicker = 7 where Azmp is the un-normalized input-referred voltage noise

amplitude, applied across the total capacitance at the amplifier input (Cyyzg)) resulting in a
current noise power spectral density S; s= 4n2AampCm,a/2f[9]. At the highest frequencies,
beyond the third corner frequency fs, the noise spectrum begins to have an # dependence.
This 7 noise results from the input-referred voltage noise of the amplifier (1, applied across
Chotan (SR = 472 P Croraf Vif).

amplifier s

The total input-referred current noise (//s¢) Of the system, as shown in Figure 1B, can be
calculated as,

max
Inoise ~ \/[) (SI, amp thermal + SI, [flicker + SI, thermal + Sl,f + S[ f2)dj :

At high Byax frequencies, typically greater than 10 kHz, the 7 noise dominates and

Ipore
Vnctotal
shown in Figure 1C. Cyyyis the sum of the capacitance at the input of the amplifier (Cypyp),
the capacitance of the lipid-bilayer or solid-state membrane (Cp,.), and the capacitance of

any interconnections between the electronics and the pore (Cp).

/3
B [9]. Improving By requires reducing Cy,zay0r the amplifier’s v, as

max

In summary, to achieve the highest possible bandwidth (i.e. the highest temporal resolution)
at a given SNR the measurement platform must be optimized to deliver the highest signal
amplitudes while reducing the current noise as much as possible. While signal amplitudes
may be limited intrinsically, the measurement system can be optimized to reduce noise by
improvements to the measurement electronics and reductions in parasitic capacitance.

2.2 High bandwidth approaches

The most commonly used patch-clamp amplifiers, such as the HEKA EPC-series and the
Axopatch 200B [11-13], use a transimpedance amplifier architecture with either resistive
(HEKA EPC-series) or capacitive feedback with active cooling of the head stage
(Axopatch); the actively cooled head stage helps to lower the thermal noise floor of the
amplifier. The amplifier head stage of both these systems are realized using discrete
components, which are chosen to improve noise performance such as through the use of
junction field-effect transistors, which can lower the flicker noise of the amplifier [14] [13].
In the case of the Axopatch 200B, which also has the noise advantages of capacitive
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feedback, these techniques achieve an input-referred root-mean-squared (RMS) current
noise of only 30 fA over the 0.1 - 100 Hz band [15]. Nonetheless, systems that use
capacitive feedback architectures are generally limited in terms of their operating bandwidth
by amplifier stability considerations. Furthermore, the input capacitance for these amplifiers
is also typically greater than 15 pF [16].

Because of these considerations, the maximum bandwidth of conventional patch-clamp
amplifiers is limited to approximately 100 kHz. These limitations can be partly overcome
with aftermarket modifications of the amplifier head stage and pipette holders [17, 18].
However, even in these cases, achievable bandwidths become limited by Cy.s values, which
can typically exceed 20 pF in these measurement systems [9].

Recent developments deploying measurement electronics developed in complementary
metal-oxide semiconductors (CMOS) technology and tightly integrated with the channel
under study have allowed for significant reductions in Cyy,to as low as 3 pF [4, 9, 19]. In
addition to the reduction of Cyy, the CMOS amplifiers can be designed to produce v, as
low as 2.6 nV/(Hz)Y/2, comparable to commercial amplifiers [4]. This combination of
reduced Cyy7and v, can improve achievable By, values at a given SNR from ~10 kHz to
as high as 10 MHz depending on the achievable Alpore Values [4]. A 10-MHz bandwidth
corresponds to a temporal resolution of approximately 100 ns.

For ion-channel recordings, the choice of lipids affects the thickness of the membrane and
its dielectric constant, with specific capacitances ~ 0.5 pF/cm? being typical [9]. Reducing
the membrane area is key to reducing Cp,em [20]. Microfabrication techniques can be used to
pattern the negative photoresist SU-8 into microwells which can be formed directly on top of
the CMOS amplifier chips with a defined height and diameter [21, 22]. A well with a 30-um
diameter and 6-pum height has a volume of approximately 4 pL, opening the possibility of
controlled experiments with very small concentrations or absolute number of analytes [19].
A nM concentration of analytes in this small chamber corresponds to only a few thousand
molecules. With more advanced microfabrication methods, even smaller wells are possible
[23]. This tight integration allows C;,z,to be reduced to as little as 3 pF for 20-um-diameter
membranes [16].

3. Biological and solid-state nanopores

The earliest documentation of the concept of nanopore DNA sequencing can be traced back
to David Deamer’s notebook from 1989 [24]. A nanopore is a nm-sized opening in a
suspended membrane, which can be a lipid bilayer or other copolymer membrane in the case
of biological pores or a dielectric membrane in the case of solid-state pores.

Biological nanopores are either protein toxins that form nanoscale pores or protein channels
from the outer membrane of bacteria [25]. Early work focused on the use of a-hemolysin
[26, 27], a naturally occurring protein channel secreted by the bacterium Staphylococcus
aureus, but several other proteins have been subsequently explored including
Mycobacterium smegmatis porin A (MspA) [28, 29], and Escherichia coli Outer membrane
protein G (OmpG) [30]. The greatest advantage of biological nanopores comes from their
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highly reproducible pore structure, which can also be engineered [31] to modulate various
aspects of the pore such as the number of charges in the channel [28] or to introduce either
reactive amino acids or hydrophaobic groups that bind organic molecules [32].

While biological nanopores offer reproducibility, they lack chemical and mechanical
stability, which may be required in some applications [33]. Solid-state nanopores, formed in
dielectric membranes such as silicon nitride, address these issues [33, 34]. Microfabrication
techniques developed for the electronics industry over the last few decades can be directly
applied to create these pores. Reproducibility and scalability, however, continue to remain
challenges to overcome for solid-state nanopores [35]. Further, translocation rates, at least
for DNA analytes, is higher in solid-state nanopores by several orders of magnitude
compared to biological nanopores, exacerbating the bandwidth limitations in conventional
measurement approaches [36]. Indeed, the only commercial nanopore-based DNA
sequencing technology as of the writing of this article uses arrays of biological nanopores
[37]. Glass nanopipettes [38-40] are also a relatively low-cost and easy-to-manufacture form
of solid-state nanopore at the cost of significantly higher access resistances. Furthermore,
nanopipettes are only useful for experiments that require pores no smaller than a few 10’s of
nm.

Considering a cylindrical nanopore with diameter ¢ and thickness ¢ the open-pore
conductance of a nanopore [41] suspended in a solution with conductance o, is given by

-1
Gopen = 0'( 4t2
nd

L1
d

where the first term represents the classical cylindrical conductor and the second term
represents the contribution of the access resistance to the pore [42], which becomes of

greater importance for pores when g < 1. As an analyte translocates through the pore, it

modulates the pore conductance to Gpyockeq [41] Which can be expressed as

-1
4t 1

Shlocked = 2T o
eff

withd, iF= ,/dz - dfn()lecule representing the diameter of the translocating analyte. As shown

in Section 2.1, a larger signal current is essential for achieving high bandwidth recordings
[9]. Since Alpore= Vipiad Gopen— Gpiocked): it is desirable to apply larger bias voltages in
order to maximize the signal. A larger bias voltage is also known to increase the capture rate
[43]. However, these benefits come at the expense of decreased translocation times due to
the relatively stronger electric field experienced by the analyte in the pore [44].

Both biological and solid-state nanopores have been used extensively in a variety of
experiments. Perhaps the most popular use of nanopores has been in translocating and
studying both single-stranded [4, 45] and double-stranded DNA [9, 44] molecules. Recently,
homopolymer differentiation has been shown using solid-state nanopores [45, 46], and full
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DNA sequencing is now possible using biological nanopores [37]. Due to the advent of
high-bandwidth recording electronics, there is also an interest in studying protein
translocations with the ultimate goal of achieving protein sequencing [47]. Nanopores have
also been used to detect combinations of DNA and proteins such as DNA-protein complexes
[48] and protein-protein complexes [49]. Beyond simple detection, nanopores are tools to
study fundamental properties of biomolecules such as the equivalent charge per DNA base
pair [50], the force [50] and velocity [51] profile experienced by DNA molecules in the pore,
the force required to unzip DNA hairpins [52, 53], the preferred orientation of RNA
molecules translocating through the pore [54], and sub-A motor protein measurements [55].

This section explores the current state-of-the-art for biological and solid-state nanopores. We
also discuss the benefits that tight integration with electronics can offer for nanopore studies.

3.1 State-of-the-art methods

Biological nanopores are usually inserted into a lipid membrane as shown in Fig. 2A. When
the pore is blocked, for example by a DNA molecule, the current decreases such that the
blocked current is a measure of the length and size of the DNA molecule. In addition to a-
hemolysin and its engineered variants, transmembrane proteins such as MspA [28, 29]
(Figure 2B), bacteriophage phi29 DNA-packaging motor [56], bacteriophage SPP1 DNA-
packaging motor [57], Escherichia coli Fragaceatoxin C (FraC) [58], OmpG [30],
Escherichia coli cytolysin A (ClyA) [59], Escherichia coli Curlin sigma S-dependent growth
subunit G (CsgG) [60, 61] and aerolysin [62, 63] have been used as biological nanopores.
Many of these pores have been specifically engineered for nanopore applications, for
example, by removing negative charges from MspA [28] despite some controversy over the
need for this enhancement [61].

Silicon nitride and silicon dioxide were among the first materials exploited for creating
solid-state nanopores. The first technique to enable true nm-scale control over nanopore
fabrication was the use of a focused ion beam [64]. Since then, fabrication by ablating
material with a transmission electron microscope (TEM) has become equally popular [65].
The latest addition to the list of techniques for nanopore fabrication is controlled dielectric
breakdown (Figure 3A) [66]. In this technique, a controllable voltage is applied across a
pristine membrane and the current across the membrane is monitored. As the applied voltage
increases, defect sites in the membrane allow charge to tunnel through the membrane which
slowly erodes the surrounding region resulting in the creation of a nanopore [66]. Precise
control over the voltage then allows for controlling the shape of the newly-created pore.
Compared to the prevailing techniques, this method has advantages of cost-effectiveness and
easy accessibility — requiring only a voltage source and a sensitive ammeter.

Since the thickness of the nanopore plays a crucial role in determining its spatial resolution,
two-dimensional (2D) materials have emerged as an alternative to thinning conventional
dielectric membranes. Indeed, as a single atomic layer, these materials represent the physical
limit in membrane thickness. Graphene (Figure 3B) [67, 68], MoS, [69], hexagonal boron
nitride (h-BN) [70] and WS, [71] have all been used to fabricate 2D nanopores. Unlike the
amorphous films that result when conventional dielectrics are thinned [72] the crystalline
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structure of these materials allows for fine-tuned control over nanopore diameter to sub-nm
precision [70].

Both biological [37, 73] and solid-state nanopores [74, 75] have also been fabricated in
arrays in order to enable high-throughput experiments. Dual nanopore configurations have
allowed for the “indefinite” capture of a DNA molecule through a technique known as
“DNA flossing”, where the molecule is moved back and forth between the two pores with
independent bias voltages applied across each pore (Figures 3C,D) [76, 77].

3.2 Reducing membrane capacitance in nanopore recordings

As described in Section 2.1, noise at high bandwidths is determined primarily by the input-
referred voltage noise of the amplifier shaped by the capacitance at the input of the
amplifier, which is usually dominated by the capacitance of the membrane itself [9]. The
capacitance of a simple parallel plate capacitor is given by

c=

where A is the area of the membrane and d'is the thickness of the membrane. For
experiments with biological pores in suspended lipid bilayers, the ability to control d'is
limited. As a result, the primary way to reduce Cy,.n, in these experiments is by reducing the
size of the membrane itself. An interesting approach to decreasing A has been to create a
suspended lipid bilayer at the tip of a glass pipette (Figure 4A) [78]. This mimics the cell-
attached patch-clamp setup used for recording ion channels in cell membranes. It is
important to note, however, that the probability of channel incorporation varies inversely to
the membrane area.

The membrane capacitance for solid-state nanopores is typically reduced by patterning and
increasing the thickness of the membrane in the regions surrounding the pore by adding
materials such as poly(dimethylsiloxane) (PDMS) [7] and SiO, (Figure 4B) [79, 80]. While
devices without any additional dielectrics can have capacitances as large as 300 pF [7], the
use of these techniques has allowed this number to be reduced to less than 1 pF [79].
Nanopipettes, with their thick glass walls, also are an attractive option when low membrane
capacitance is required. Glass pipettes can also be combined with regular nanopores in order
to have a um sized droplet connected to the pore (Figure 4C) [81]. This currently represents
the lowest capacitance achieved in nanopore recordings with Cpe < 70 fF [81].

3.3 CMOS-integrated approaches

While the total capacitance at the input of the amplifier is typically dominated by the
membrane capacitance, other sources of capacitance such as the wiring capacitance and the
input capacitance of the amplifier itself can become important as the membrane capacitance
is reduced to sub-pF levels. For example, coaxial cables are commonly used as connections
to amplifier inputs because they shield the signal wire from external electromagnetic
interference. However, these cables have a capacitance to the shield (which is usually
grounded) of ~ 1 pF/cm. Recent efforts have introduced techniques to incorporate the
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fluidics directly on top of custom-designed amplifiers, which can reduce the wiring
capacitance down to less than 1 pF (Figure 4D) [9].

Custom-designed CMQOS amplifiers have the added advantage of being able to reduce the
amplifier input capacitance. Off-the-shelf amplifiers typically use discrete components
assembled on a PCB in their head stages, which increases the capacitance at the input of the
amplifier due to the large size of these devices and the associated parasitic capacitances of
the packaging. Several recent efforts have shown that transimpedance amplifiers (TIAS)
designed in conventional CMOS processes can achieve competitive noise performance to
those of commercial discrete systems [4, 82-84]. Further, since these amplifiers are designed
in advanced technology nodes with small feature sizes, the amplifier’s input capacitance can
be reduced to less than 1 pF [4, 9]. In addition to improved signal fidelity, CMQOS integration
aids the development of large, parallel nanopore arrays[73, 85].

The combination of low-noise electronics and reduced membrane and wiring capacitances
along with ultra-thin solid-state nanopores have extended measurement bandwidths
comfortably into the MHz regime [4, 9, 79]. For biological nanopores, which have current
levels that are typically a factor of 100 lower, bandwidths as high as 200 kHz are
theoretically possible. Analyte translocations are fast (for DNA, typically 10 ps/base for
biological nanopores and 100 ns/base for solid-state nanopores [9, 27] ) and require
mechanisms to slow down this rate such as the use of a polymerase to ratchet the DNA [86]
or the use of temperature [87] or concentration gradients [88]. Improving the measurement
bandwidth can help eliminate the need for slow-down techniques and improve the error rate
associated with these techniques. Improvements in measurement bandwidth can also be
traded off for improvements in SNR at lower bandwidths.

4. lon channel recordings

Single ion channel recordings are widely used, for example, in studies of structure-function
relationships or of pharmacological responses [10, 89-92].

4.1 State-of-the-art methods

Typically, the conductance of ion channels is studied using heterologous expression of the
proteins in cell lines such as human embryonic kidney (HEK) 293 and patch-clamping the
cells [93-96]. The introduction of fire-polished capillaries with tip diameters of 0.5 -1 um
(Figure 5A) allows analysis of ionic currents produced by individual ion channel proteins
[96, 97]. These recordings enabled the detailed characterization of gating kinetics at the
single-channel level [93, 94]. Patch-clamp methods have been noticeably improved by the
development of the suction pipette holder, allowing the seal resistance to be increased and
reducing the associated current noise [98]. Amplifier systems have been developed
supporting bandwidths as high as 100 kHz for studying the dynamics of ion channel gating
[11-13, 99].

As explained in Section 2.1 and 2.2, in a typical patch-clamp experiment, the maximum
achievable bandwidth is limited by both the product of the total capacitance at the input of
the amplifier (Cyyyz)) and the voltage noise (V) at the input of the transimpedance amplifier.
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Many approaches have been used to reduce the constituents to Cy,ysuch as the use of
custom-made pipette holders to reduce C,, [17], the use of nano-pipettes (see Figure 5B) to
reduce Cpen [100-102], and the use of amplifiers with lower input capacitance [17, 18]. By
using integrated patch-clamp amplifier systems (Figure 5C and D) the contributions of Cyyp
and C,,can be reduced in same manner as was done for nanopore measurements to make
Crmem the largest capacitive component [16, 19, 103]. Values for the specific membrane
capacitance range from 0.7 to 1.3 pF/cm? depending on the lipid composition of the lipid
bilayer [104] and the cell-type used [105].

Suspended lipid bilayers, often called black lipid membranes (BLM) due to their appearance
under a light microscope, offer an extremely robust platform to study single-ion-channel
gating under precisely controlled conditions. Most commonly, BLMs are prepared on
openings in polytetrafluoroethylene (PTFE) chambers with a diameter of 100 to 300 um
resulting in a membrane capacitance in excess of 100 pF and limiting the bandwidth of the
recordings to well below 10 kHz. Vertical or horizontal bilayers can be formed using various
solvent and solvent-free methods from the solvent-water or air-water interface on the
hydrophobic surfaces of the sample chamber [106-110]. lon channels can be delivered by
spontaneous incorporation of small proteins or peptides [111], from lipid nano-discs [112],
or by fusion of liposomes containing the protein of interest [113]. The incorporation of
liposomes is favorable in BLMs with larger diameters and becomes challenging in
membranes with diameter below 30 — 50 um [114].

Several studies have focused on the optimization of liposome fusion in suspended
membranes [113]. Factors such as lipid compositions, charge of lipid head groups, presence
of divalent cations (Ca2* or Mg2* when possible), salt concentration, lipid transition
temperatures, and membrane viscosity can have an impact on the efficiency of liposome
fusion [104, 115-117]. A salt gradient across the membrane is the most commonly used
strategy creating an osmotic pressure difference across the membrane favoring vesicle fusion
events [118]. Liposome fusion can be monitored by doping the lipids used for liposomes and
BLMs with nystatin and ergosterol [119, 120]. During vesicle fusion, ergosterol and nystatin
transiently form a local ionopore in the BLM which shows a characteristic current spike
[119, 120]. Counting the current spikes using an ergosterol/nystatin control allows for the
determination of the number of fused vesicles. When the number of integrated proteins per
vesicle is known, this allows the determination of the number of integrated proteins per
BLM. Conventional BLM setups allow for a wide variety of single-channel recordings with
precise control of the experimental parameters, including transmembrane potential, pH, salt
composition and concentration, and perfusion of channel regulators and inhibitors.

Several studies have focused on high-bandwidth recordings of ion channel proteins. To
address the issue of SNR-limited bandwidth, these studies have typically focused on ion-
channel proteins with high single-channel conductance such as BK channels, their bacterial
homologous MthK, and the ryanodine receptors [121-123]. In addition to these channels,
studies have been performed on the family of prototypical viral potassium channels Kcv.
High-bandwidth recordings combined with analysis of the open-channel noise using model-
based assumptions on the open-channel noise (for more detail see Section 4.4), have shown
that the putative inactivation visible in the current/voltage curves (1-V) of single-channel

Anal Chim Acta. Author manuscript; available in PMC 2020 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hartel et al.

Page 11

recordings arise from the artificial reduction of the current amplitude by the cut-off of the
low-pass filter due to insufficient bandwidth in the recordings [124].

These bandwidths can be improved by reducing the capacitance associated with the lipid
membrane itself, described in Section 4.2, and by employing approaches to integrate in vitro
membranes directly with CMOS-integrated amplifiers, described in Section 4.3.

4.2 Reducing total capacitance in single-channel recordings

The bandwidth in single-channel recordings using BLMs with a diameter of 100 — 300 um is
limited by SNR to less than 10 kHz by the membrane capacitance, which is typically greater
than 100 pF. Probably the smallest commercially available suspended membrane system is
the 50-um multi-electrode-chip-array (MECA) offered by lonera [125, 126]. Other
approaches can be employed for the preparation of lipid bilayers with diameters below 50
pum. The most commonly used approaches to prepare such BLMs for single-channel
recordings are based either on using conventional patch pipettes or nano-pipettes [78, 127]
or on using openings in planar substrates such as PTFE foil [106, 107] or other hydrophobic
materials [22, 102, 128]. The greatest benefit of using conventional patch pipettes and nano-
pipettes to prepare lipid membranes is the relatively straight-forward method of preparation
using a capillary puller or laser puller [129]. Others have formed BLMs at the contact point
of two bubbles, of a few tens of um in size, filled with aqueous buffer. In an oil environment,
added lipids form a monolayer around these bubbles, resulting in a bilayer at the contact
point [112, 130].

BLMs on pipettes are very small (typically less than 1 pm in diameter) and consequently can
have a very low membrane capacitance (as small as a few fF) [100, 101, 131, 132].
Incorporation of proteins into suspended membranes on pipettes is easily done for small,
water-soluble pore-forming peptides but becomes more challenging for larger ion-channel
proteins that require more elaborate incorporation strategies using liposomes [78, 131].
Delivery can be achieved by using proteins reconstituted in giant uni-lamellar vesicles
(GUVs) and applying a negative pressure at the pipette. The GUVs are sucked onto the
pipette tip and adhere and rupture to form a suspended bilayer spanning the tip of the pipette
[78, 127]. However, BLMs with a diameter below 3 - 5 um are known to show asymmetrical
and artificial lipid pore currents due to pressure sensitivity and flexoelectricity, i.e.
curvature-induced polarization, of low-radius membranes [133, 134].

Apertures for BLMs larger than 100 um are far easier to fabricate but lead to considerably
larger membrane capacitance. BLMs on this scale can easily be fabricated manually in
hydrophobic substrates, such as PTFE or over-head plastic sheets perforated using a heated
metal stylus or a sharp needle [128, 135]. For openings below 100 pm, manual preparation
becomes difficult; however, substrates can be fabricated using photolithographic (PL)
processes [16, 19, 22]. Here, the feature of choice is developed by UV exposure through a
photo-mask onto a homogenous spin-coated layer of photo-resist. UV exposed areas become
either soluble (positive-tone resist) or insoluble (negative-tone resist) to the subsequent
chemical development process. UV-PL enables fabrication of structures with a minimal
feature size typically on the order of 1 to 3 um [23] and can be used with hydrophobic
photoresists such as SU-8 (Michrochem). Structures patterned in SU-8 are hydrophobic and
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allow the preparation of BLMs spanning micro cavities with a diameter of 20 — 30 um
reducing the membrane capacitance to as low as 1 pF [16, 19]. These and other approaches
allow the combination of BLMs with planar electrodes as supporting structures and open up
possibilities for various patch-on-a-chip strategies (Figure 6A) [22, 102, 103, 120, 136].
Furthermore, multi-membrane systems can be fabricated enabling multiple parallel
experiments increasing the throughout put in single-channel recordings [137-139].

Reduction in the area of the lipid bilayer can be used to reduce the membrane capacitance
below 1 pF. However, in this case, the wiring capacitance (C,,) and the capacitance of the
amplifier (Cypp) often dominate the capacitance at the amplifier input. By tightly integrating
the electronics and the lipid bilayer system, these capacitance components can also be
reduced.

4.3 High bandwidth recordings using CMOS-integrated approaches

4.4

CMOS-integrated measurement electronics can be used in combination with lipid bilayers
for the study of the gating mechanism of ion channel proteins at high temporal resolution
[16, 19]. For this purpose, a micro-cavity with a diameter of 20 - 30 um is directly fabricated
into a hydrophobic photoresist layer on top of the integrated circuit (see Figure 6A and 6B).
The hydrophobic photoresist layer is then used to form a lipid bilayer.

Miniaturization of the lipid bilayer and the tight integration with the measurement
electronics implemented in CMOS reduces Cyyzy from > 100 pF to as low as 4 pF [19].
Using this approach, it was possible to analyze the Ca?*-dependent inactivation of the Type
1 Ryanodine receptor (RyR1) at a bandwidth of up to 500 kHz, equivalent to a temporal
resolution of 2 ps at a SNR > 8 (Figure 6C). RyR1 is a Ca?*-controlled Ca2* release channel
involved in the excitation-contraction coupling in skeletal muscle [140]. At low Ca?*-
concentrations, the channel is closed and activation is evoked by elevated Ca2* and the
channel is inactivated by CaZ* in the mM range [141]. Analysis of channel dynamics at high
bandwidth reveals increased close-channel flicker at intermittent Ca2*-concentration. More
interestingly, at inactivating Ca* concentrations, high bandwidth recordings at 500 kHz
were able to identify two discrete close-state distributions in the dwell-time histograms,
which were unidentifiable at bandwidth < 10 kHz achievable with conventional patch-clamp
approaches (Figure 6D). The identification of two discrete close-state distributions in the
dwell-time histogram supports the presence of an independent structural mechanism for the
Ca?*-dependent activation and inactivation mechanism of the RyR1 [19].

Increased effective bandwidth by data analysis

The most common analytical tool for the kinetics of single-channel recordings are dwell-
time histograms [142] (Figure 6D). Here, an algorithm determines the transition times
between the open and closed (or open and blocked) states and groups the resulting open and
closed events by duration. Several techniques have been developed to improve the detection
quality of these so-called jump detectors [143-146] and for correcting the data for missed
events [147-151]. Typically, this improves the temporal resolution by a factor of two to four
above the nominal bandwidth of the recording instrumentation. Another approach to
improving the temporal resolution of these current traces is to fit them to a Markov model
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using a maximum likelihood criterion [152-154]. The improvements achieved in the
temporal resolution, however, are also quite limited [155].

Interestingly, the analysis methods with the highest temporal resolution are those that
operate in the frequency domain. For example, analysis of the current power spectrum
allowed resolution of the formamide block in gramicidin A channels with kinetics on a
timescale of 100 ns. The corresponding data were recorded with only 20 kHz bandwidth
[156]. With certain assumptions, these analysis methods are able to deliver temporal
resolutions higher than the bandwidth limitations of the recordings.

Beta distributions are another method that can be used to analyze fast gating events and push
the limits of temporal resolution in single-channel recordings. As shown in Figure 7A,
information about the kinetics of interest can be lost due to the SNR-limited bandwidth and
aggressive low-pass filtering [157, 158]. Instead of the true open-channel current and
individual events, a reduced effective open current level and high open-channel noise is
recorded due to the filtering of short closed-state events. In these cases, this closed state
flickering can be inferred from the open-channel “noise.” In addition to the analysis of
heavily filtered gating kinetics, beta distribution methods allow for the reconstruction of the
true single-channel current amplitude (le in Figure 7A). The low-pass filtering of fast
gating leads to specific distortions of the current amplitude distribution caused by the excess
open channel noise (Figure 7B). By fitting these amplitude histograms, information about
the underlying gating process and open channel current can be extracted [157]. The first
implementations of this technique date back to the 1980s [159, 160]. This early work used
an analytical expression for the histograms, the beta distribution function, and could, for
example, resolve fast gating and block in K* channels [160-163] and ryanodine receptors
[164]. An alternative approach models the amplitude histograms of channels with rapid
kinetics with a sum of Gaussians [165].

Analytical techniques, such as the beta distribution, often rely on restrictive models, such as
one with a single open and closed state and the assumption that the temporal response is
governed by a first-order low-pass filter. More complex models can be accommodated with a
simulation-based approach from model-derived differential equations [166-170]. To create
these extended beta distribution, which can be applied to models with more than two states
and more than one channel, a candidate Markov model [147, 171] with a set of rate
constants and a single-channel current for the open state is used to simulate a series of
current jumps in continuous time (Figure 7C). The simulated data are then filtered with a
digital representation of the analog low-pass filter used in the experiment and subsequently
sampled. An amplitude histogram is created from this filtered current time series. The
baseline noise with the same current distribution as the experimental current trace can be
added before or after construction of the amplitude histogram. The latter procedure is
generally preferred since it requires less computing time. The theoretical amplitude
histogram is in the next step fit to the histogram of the measured amplitudes using an
optimization algorithm. The result of this analysis is a set of model parameters, including the
open channel current and the rate constants of the Markov model [157]. Many other
measurement features can be accommodated into these analyses, including sub-conducting
states with different conductivities, digital filters of higher order (comparable to the filters
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used in experimental setups), noise [172] including shot-noise and non-Gaussian sources. In
this way, the kinetics of channel fluctuations can be reliably analyzed at effective temporal
resolutions up to 20 times faster than that determined by the nominal bandwidth of the
recording within the limitations of these models [121, 122, 173].

Extended beta distributions have been successfully applied to examine fast passage of an
antibiotic through a bacterial porin [174] and fast gating in K* channels [121, 122, 175].
Further, the use of extended beta distributions allows quantitative modelling of the ion
occupancies in the pore of a viral K* channel in a quantitative manner using the measured
gating kinetics of the channel. This work demonstrated how voltage sensitivity in ion
channels can be caused by the permeating ions without the presence of a specialized sensing
domain [176]. The ‘voltage sensor’ in this case is an extracellular binding site in the KcvyTs
channel; occupation of this binding site with K* stabilizes the open conformation, while
depletion of K* leads to destabilization. The ability to determine the true open channel
current from the heavily filtered data by beta extended distributions was crucial to the
analysis.

The extended beta distribution has also been successfully applied as a post-recording
analysis to the 500 kHz RyR1 recordings on the integrated CMOS platform. Two distinct
closed states with time constants as brief as 300 and 35 ns could be described for RyR1. The
effective on-rates of Ca2* binding sites under the experimental concentration (0.03 — 400
HM) are typically in the range of 2.5 and 100 us~2. This means that the very fast channel
dynamics are not directly due to the binding of Ca2* but likely to subdomain movements in
the filter region of RyR1 [19]. Additionally, the short time-scale of the conformational
changes rules out entire domain or multi-domain movements as the mechanism.

5. Future perspectives and limitations of high bandwidth recordings

The detection of transition rates of ions in the ns-regime in the methodological frame-work
of combined high bandwidth recordings and extended data analysis pushes the temporal
resolution towards resolving single-file ion translocation events. Depending on the
conductance of the ion channel, single-file translocation of an ion occurs in the order of 0.1-
100 ns [177, 178]. These time scales are meanwhile easily accessible by computer-based
molecular dynamics (MD) simulations.

The combination of increasingly longer MD simulations with the higher resolution of single-
channel recordings is a promising future direction in the study of structure-function
relationships in ion-channel proteins. To achieve this goal, a carefully tuned experimental
approach is needed. Low-noise/high-bandwidth recordings require high single-channel
current, /pore, While the length of MD simulations is dependent on the computing power
available and the number of atoms in the molecule of interest [179]. For the moment, the
high bandwidth recording of RyR1 at a temporal resolution of 2 ps marks the fastest single
ion channel recording achieved to date. These high bandwidth recordings are achievable
because of the high conductance of RyR1 for potassium ions of up to 900 pS. While RyR
proteins have this favorably large conductance they also have a molecular weight of up to 2
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MDa, making them among the largest known ion channel proteins [180], rendering RyR1 a
difficult model system for long MD simulations.

Further work is needed to improve the noise performance of CMOS-integrated voltage-
clamp measurement electronics to achieve similarly high bandwidth recordings with smaller
ion channel proteins of lower conductance. Good candidates are the prototypical viral K*
channels of the Kcv family. These channels can be easily reconstituted into lipid bilayers
[112], while having a relatively high unitary conductance (~100 pS) and a very small size
(<100 amino acids) [181]. This should enable both high-temporal-resolution recordings and
long MD simulations on the ps-timescale [179]. This opens a future possibility that
molecular events, which are seen in the MD simulations, like the hopping of single ions
through a selectivity filter [182], can be directly correlated with gating events resolved from
electrical recordings.
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Study of ion channels and solid-state nanopores are bandwidth-limited to 10-100 kHz.
Signal to noise ratio is dominated by parasitic capacitance.
Discussion of limitations of electronics and demonstration of solutions to limitations.

Integration of electronics and lipid-bilayer or solid-state nanopores allows bandwidth up
to 10 MHz.

High bandwidth allows detection of dynamics in-accessible with conventional methods.
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Figure 1. Noise considerations limiting high bandwidth recordings.
(A) Signal-to-noise ratio defined as the current through the pore Iqre divided by the current

noise lnpise Of the measurement system. (B) Qualitative plot of the current noise power
spectral density for the different noise contributors on a log log scale. 1/f-noise at low
frequencies (red line). Spectrum reaches a corner and becomes determined by frequency
independent white noise (blue line). Another corner is reached and the spectrum increases
linearly with frequency, f-noise (orange line). At high frequencies the spectrum scales as 2
(purple line). The appearance of f and f2 noise can be pushed to higher frequencies by
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lowering Cyga1- (C) Qualitative plot of the integrated noise spectrum, equivalent to Igjse, ON
a log log plot. Dashed line represents the effect of lowering Inoise by reducing Ciotal-
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Figure 2. Stochastic sensing with biological nanopores.
(A) Typical current recording with a nanopore. The current is high when the pore is not

obstructed and low when the pore is blocked by a molecule e.g. DNA (Altered by
permission from Springer Nature: Nature Biotechnology, The potential challenges of
nanopore sequencing, D. Branton et al., Copyright 2008 Sprinter Nature, 2008). (B) In
addition to the most frequently used a.-hemolysin also other pores like MspA, a porin from
the bacterium Mycobacterium smegmatis is used. These systems benefit from the well
known structure of these pores and the possibility of their genetic manipulation. (Altered by
permission from National academy of science: PNAS, Single-molecule DNA detection with
an engineered MspA protein pore, T. Butler et al., Copyright 2008 National Academy of
Science, 2008).
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Figure 3. Solid-state nanopores.
(A) Controlled dielectric breakdown for nanopore formation (Figure redrawn from [66]). (B)

Atomically thin nanopores created using 2-D materialsWS, (Adapted with permission from
American Chemical Society: ACS Nano, Monolayer WS, nanopores for DNA translocation
with light-adjustable size, G. Danda et al., Copyright 2017 American Chemical Society,
2017). (C) Schematic drawing and (D) electron micrograph of double barreled glass
nanopipettes with openings of diameters of a few 10’s of nm to trap molecules for arbitrarily
long periods of time (Adapted with permission from American Chemical Society: Nano
Letters, Double barrel nanopores as a new tool for controlling single-molecule transport, P.
Cadinu et al., CC-BY License, Copyright 2018 American Chemical Society, 2018).
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Figure 4. Low-capacitance techniques for nanopore recordings.
(A) A common technique for reducing membrane capacitance in biological nanopore

recordings is by forming a suspended bilayer at the tip of a patch pipette or nanopipette
(Adapted with permission from American Chemical Society: Nanoletters, Double barrel
nanopores as a new tool for controlling single-molecule transport, JL Gornall et al.,
Copyright 2011 American Chemical Society, 2011). (B) For solid-state nanopores, the
membrane can be passivated by using e.g. PDMS (redrawn from [7]). (C) With solid-state
nanopores, the effective contact area can be reduced to um sized droplet by using a pipette
mounted on a manipulator, resulting in extremely low capacitances (Adapted with
permission from American Chemical Society: ACS Nano, In situ nanopores fabrication and
single-molecule sensing with microscale liquid contacts, C Arcadia et al., Copyright 2017
American Chemical Society, 2017) (D) Tight integration of fluidics directly on top of
custom-designed amplifiers can be used to significantly reduce wiring capacitance. (Adapted
with permission from Springer Nature: Nature Methods, Integrated nanopores sensing
platform with sub-microsecond temporal resolution, J Rosenstein et al., Copyright 2012
Springer Nature , 2012).
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Figure 5. Approaches in single-cell and single-channel recordings.
(A) SEM image of patch pipette (Adapted with permission from Elsevier: Biophysical

Journal, Whole cell patch clamp recordings performed on a planar glass chip, N. Fertig et
al., Copyright 2002 Elsevier, 2002). (B) Approaches for reducing total capacitance in the
measurement system: micro-fabricated glass nanopores lower effective membranes area and
hence reduce Cem in single channel recordings (Adapted with permission from American
Chemical Society: Journal of American Chemical Society, Single ion-channel recordings
using glass nanopores membranes, R White et al., Copyright 2007 American Chemical
Society, 2007). (C) and (D) Integrated approaches using arrays of amplifiers for parallel
recordings of cells (Figure reprint with permission from IEEE: Biomedical Circuits and
Systems, Transactions on IEEE, An integrated patch-clamp potentiostat with electrode
compensation, P. Weerakoon et al., Copyright 2009 IEEE, 2009).
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Figure 6. Single-channel recordings in black lipid membranes on a CMOS platform.
(A) Picture of a CMOS-integrated patch-clamp amplifier (Reprint with permission from

American Chemical Society: Nano Letters, Single ion channel recordings with CMOS-
anchored lipid membranes, J Rosenstein et al., Copyright 2013 American Chemical Society,
2013). (B) Schematics of CMOS-supported lipid bilayer for high-bandwidth recordings. (C)
Exemplary channel fluctuations of the type 1 ryanodine receptor at different bandwidth: 10
(purple), 100 (yellow), 250 (orange) and 500 (blue) kHz. (D) Dwell-time histograms of open
and closed state of recordings of the ryanodine type 1 receptor at 10 (purple) and 500 kHz
(blue) in the presence of 400 uM free Calcium. (Adapted with permission from National
Academy of Science: PNAS, Single-channel recordings of RyR1 at microsecond resolution
in CMOS-suspended membranes, A Hartel et al., Copyright 2018 National Academy of

Science, 2018)
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Figure 7. Analysis of fast gating with extended beta distributions.
(A) Hlustration of the problem of heavily filtered data. If the gating of the channel (left-hand

side in black) is faster than the recording bandwidth, the recorded signal (blue) is distorted,
the true open channel current Iy and the individual events are no longer visible. A reduced
averaged current lop, is recorded, the filtered gating is visible as increased open channel
noise. Right-hand side: exemplary recording of a viral Kcvyts channel in a DPhPC bilayer
and 100 mM KClI, pH 7 at —120 mM membrane voltage. (B) Representative current
amplitude histogram of a recording under the same conditions as in A. The closed state at 0
mV displays Gaussian noise, whereas the apparent open state at negative currents is heavily
distorted. (C) Scheme of the analysis with extended beta distributions. A Markov model, in
this example one with one open (O) and three closed (C1, C,, C3) states, is used to simulate
a time series of current including low-pass filtering and noise. The resulting theoretical
amplitude histogram (red) is fitted to the measured one (black).
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