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ABSTRACT The cut-open oocyte Vaseline gap technique is a powerful electrophysiological method for the characterization
of ion channels. However, traditional amplifiers for cut-open oocyte Vaseline gap are labor intensive and require significant
user expertise. We introduce an innovative, open-source digital amplifier system with high-speed digitization and software-
controlled electronics for computer-driven automation. This system compares well to existing commercial systems in
terms of conventional specifications of step response (current peak at 25 us and decay of 36 us time constant), current
noise (1.0 nA at 3-kHz bandwidth), and dynamic range (96.9 dB). Additionally, it unlocks new methods through close integra-
tion of the amplifier and software, including machine-learning techniques for tuning capacitive compensation waveforms,
achieving a 100-fold suppression of mean-squared transient current, and impedance measurement methods to identify sys-
tem components such as membrane capacitance and electrode resistances. For future extensions, the design has unique at-
tributes such as real-time digital signal processing for feedback, multiple input and multiple output, and allows for user
customization. By providing open-source access to the circuit board designs, control software, and field-programmable
gate array code on GitHub, this approach aims to foster cross-disciplinary collaboration and facilitate instrument customiza-
tion enabling previously inaccessible electrophysiology experiments.

WHY IT MATTERS lon channels and transporters are critical components of the nervous system, and their
electrophysiological characterization plays an essential part in understanding many neurological diseases. Voltage-
clamp techniques use an amplifier system to characterize ion channel electrical behavior. Specific voltage-clamp
techniques are challenging, partly because the commercial amplifier options are manually operated and require
considerable user experience. We present the development of an open-source amplifier system that integrates
digitization with software-controlled electronics to simplify the operation and enhance repeatability. Our approaches to
capacitive compensation leverage machine learning, providing new methods transferable to other electrophysiology
amplifier systems. The amplifier design is open source and provides biophysicists with new options to consider when
developing electrophysiological instrumentation for future biological experiments.

INTRODUCTION commercial options are limited, and the existing
systems require considerable user intervention. Alter-
natively, an open-source amplifier may encourage
cross-disciplinary training, enable creative experi-
ments that require firmware or hardware modifica-
tions, and prevent vendor lock-in (5—-7). Furthermore,
an amplifier system that integrates digitization with
software-controlled electronics may accomplish cali-
brations automatically and leverage digital signal pro-
cessing for real-time feedback. We have developed a
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Electrophysiology experiments benefit from auto-
mated amplifier systems that perform setup, calibra-
tion, and acquisition with minimal user interaction.
Although automated systems for patch clamp are
available (1-4), the market for niche methods
such as the cut-open oocyte Vaseline gap (COVG)
experiment targeted here is smaller. Consequently,
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schematics, software, and firmware of the design are
all open sourced so that others may use the tools to
develop new electrophysiology instrumentation and
apply the system to biological experiments. In this
manuscript, we demonstrate amplifier performance
when configured for COVG and propose unique cali-
bration and compensation approaches that rely
upon the digital architecture of the amplifier and
leverage modern machine learning.

COVG is a voltage-clamp technique used to charac-
terize the electrical behavior of ion channels in
cell membranes that provides a unique combination
of high speed/low noise needed to resolve fast protein
dynamics and the rare ability to control both intra- and
extra-cellular solutions (8,9). Thus, COVG offers some
considerable advantages over the traditional two-elec-
trode voltage-clamp (TEVC) technique. Typically, Xeno-
pus oocytes are favored for their low expression of
endogenous channels, enabling the introduction of
exogenous mRNA for ion channel recordings. Howev-
er, some fast-gating ion channels produce small cur-
rent amplitudes that may only be measurable in the
low-noise environment offered by COVG. Despite
these advantages, experimentalists regard the COVG
technique to be challenging because manually oper-
ating the amplifiers requires considerable experience
and skill. The modern digital electronics amplifier
approach presented here facilitates the transfer of
much of the configuration and calibration to software,
thus producing an easier-to-use amplifier system with
advantageous performance characteristics.

COVG presents a notable capacity for studying
small-amplitude currents generated by membrane
transporters and pumps, which do not produce the
large, rapid ionic fluxes typical of ion channels (10).
In the COVG configuration, approximately one-sixth
of the membrane’s surface area is exposed, which re-
duces the capacitive artifact and minimizes space-
clamp artifacts, which are particularly problematic
in resolving in fast gated channels such as voltage-
gated sodium channels and A-type potassium
channels. One of the unique advantages of COVG
compared to traditional TEVC is the improved ability
to manipulate the ionic composition on either side
of the membrane, allowing for better control of condi-
tions that may alter the activity of diverse transport
proteins. This control of the ionic environment also
enables the measurement of internal fluorescently
labeled cysteines (11) and allows electrophysiolo-
gists to understand internal conformational rear-
rangements in the sub-millisecond time domain
(12). Despite its potential, COVG has not yet been
thoroughly employed to study low-current trans-
porters, ionic pumps, or channels with mutations
that reduce conductance. By leveraging the noise
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reduction and speed enhancements of COVG, it be-
comes practical to investigate these biological chan-
nels with enhanced precision.

For small micrometer-sized “patches” of membrane
and compact cells, a single electrode on each side of
the membrane simultaneously measures voltage and
supplies current as exemplified by the patch-clamp
technique. Patch-clamp amplifiers include circuitry to
compensate for electrode capacitance and access
resistance (13,1) and have been implemented as an in-
tegrated circuit for massively multiplexed measure-
ments (2). Specific improvements and compensations
for patch clamp include the Giga-Seal approach (14),
feed-forward super-charging (15), and series resistance
compensation (16) with a state membrane estimator
series resistance method for whole-cell patch clamp
(17). Amphibian oocytes are a common electrophysi-
ology platform with larger current and capacitance
that requires alternatives to patch clamp. The TEVC
amplifier is user friendly and supports oocyte measure-
ments (18), yet may be too slow to resolve the fastest
dynamics and is limited by spatial inhomogeneity of
the membrane voltage (19). These limitations are mini-
mized in COVG, a refinement of the TEVC technique. In
this technique, a portion of the oocyte is “cut-open”
(generally by saponin permeabilization) to allow for so-
lution exchange, noise reduction, speed increase
(20,21), and more uniform control of the membrane
voltage. A COVG amplifier was developed and
described in (8,22), commercialized by Dagan as the
CA-1B (23), and is detailed further in (9,24). The Dagan
CA-1B amplifier system uses analog feedback loops
and is manually configured through rotary dials and
switches. The commercial Sutter dPatch is an FPGA-
based digital amplifier system for patch clamp that
eases setup with digital sampling and automated com-
pensations of electrode and cell capacitance (3). A
similar digital-based amplifier system is not commer-
cially available for the multi-electrode COVG technique.

Measurement artifacts caused by series resistance
and transient capacitive currents are challenges
encountered by electrophysiologists. Series resis-
tance includes the electrical impedance between the
electrode end and the membrane due to the intracel-
lular milieu and creates a time constant (1 = RsCp,)
that constrains the voltage-clamp speed and may re-
move important kinetic data (8). In previous work, we
demonstrated real-time feedback using digital signal
processing to compensate for series resistance (25).
In this manuscript, we focus on methods to null capac-
itive transients so that larger steps of the membrane
voltage can be made without saturation of the mea-
surement circuitry.

Sudden changes of the cell membrane voltage cause
brief currents known as transient capacitive currents.



To prevent saturation of the electronics due to this tran-
sient current, some amplifiers compensate by injecting
charge through an auxiliary electrode that bypasses the
current-measuring circuit. Capacitive transients may
also be removed off-line through the P/N technique
by averaging null sweeps (26). However, this technique
does not prevent measurement circuit saturation and
requires the capacitive current to be linearly dependent
on the command voltage. Potential problematic nonlin-
earities include nonohmic electrode responses and
voltage-dependent membrane capacitance due to elec-
trostriction and spontaneous polarization (27). The
Dagan CA-1B amplifier (Dagan Corporation, Minneapo-
lis, MN) injects charge through an auxiliary electrode
for capacitive compensation. The injected charge is
tuned using six rotary knobs that configure three first-
order filters, each with an adjustable time constant
and an amplitude, and a seventh knob for a global
phase adjustment. The process of manually tuning
the controls for capacitive artifact mitigation demands
both precision and time, and may still not be ideal. Over-
compensation can introduce overshoots or oscillations
and instability in recordings. Likewise, undercompensa-
tion distorts the current-voltage relationship and may
bury subtle current changes due to drugs or mutations
that affect channel kinetics or voltage dependence. An
improved, automated method for adequately compen-
sating for capacitive artifacts would improve the qual-
ity of recordings, improve the analysis of ionic or
gating current data, minimize the time required for
setup, and make experimental results less dependent
upon user-selected tuning techniques.

In this work, we present the design and evaluation of
a digital-based amplifier platform for research devel-
opments in multi-electrode electrophysiology. The
amplifier design 1) supports modern state-space con-
trol system feedback approaches, 2) enables auto-
mated system calibration without user intervention,
and 3) is open sourced and thus facilitates custom ex-
periments that require hardware, software, or firmware
modifications. This manuscript contributes unique
methods enabled by the amplifier design. We develop
and validate deconvolutional methods for cancellation
of capacitive transients and demonstrate methods for
impedance measurement of the electrodes and the
cell under test. These impedance measurements of
the system under test allow for more accurate config-
uration of feedback controllers.

System design
Digital amplifier system

We developed a custom DAQ system (Fig. 1 d) centered
on an FPGA to enable high-speed digitization, rapid

data transfer via USB 3.0 to a host computer, and
real-time feedback with latency around 1 us. Design de-
tails are presented in (25). The modular design sup-
ports up to four HDMI-connected daughter cards,
each provided an analog-to-digital converter that sam-
ples at 5 megasamples per second (Msps) at 16-bit res-
olution and two additional voltage measurement
channels that sample at up to 1 Msps at 16-bit resolu-
tion. The daughter cards also feature configurable pe-
ripherals such as relays, analog switches, and slow
digital-to-analog converters (DACs), managed through
an 12C interface. The FPGA's high-bandwidth DDR
memory is used for loading command waveforms, sup-
porting six channels of high-speed DACs that update at
2.5 Msps with a looped duration of 5.87 s. The DDR
memory also buffers digitized signals, ensuring contin-
uous data transfer to the host computer without inter-
rupting the experiment or causing temporal gaps.

Amplifier boards and model cell

Three types of custom analog circuit boards, as shown
in Fig. 1¢, were developed and tested. A clamp amplifier
(see Fig. 2), creates a high-gain feedback loop that
tracks an input voltage, Veyp. The board includes a pro-
grammable current-resolving resistor (Rr) to measure
the membrane current. The resistor value was made
configurable to trade sensitivity and saturation current.
The voltage across resistor Rr is amplified by an instru-
mentation amplifier and then buffered to a 16-bit 5-Msps
analog-to-digital converter (ADC) on the DAQ board. This
amplifier board supports a sense-force electrode pair
(i.e., P1 and P2) as well as a capacitively coupled (CC)
terminal to inject charge to the membrane while bypass-
ing the current measurement circuit to mitigate satura-
tion during large transients. The electrode connections
are made flexible by relays (see the section “impedance
characterization”). A copy of the same clamp board is
used to establish a “guard clamp” that keeps the mem-
brane of the middle pool at the same voltage as the
top pool by a sense-force pair at GS1 and GS2, as shown
in Fig. S1. Anindependent high-speed DAC sends a com-
mand signal to this guard clamp, which, in our model cell
testing, tracks the Veyp () signal sent to the bath clamp.
When testing a biological system, offset voltages be-
tween the top pool and the guard pool may be nulled
by adding an offset between the digital command signal
sent to the bath clamp and command signal for the
guard clamp.

A second voltage-clamp board is designed for a low
input capacitance to sense the voltage deviation of
the bottom plate of the membrane capacitor and create
a feedback loop that regulates this voltage to 0 V.
This voltage-clamp amplifier includes a programmable
offset DAC that allows for nulling voltage offsets
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System overview. (a) The COVG method measures the current through ion channels in the cell membrane of an oocyte. The

method permeabilizes the oocyte bottom for access to the intracellular solution (via the | electrode). (b) The P1 and P2 electrodes form a
sense/force pair that clamps the extra-cellular side of the membrane to a command voltage (Vewmp). The V; microelectrode pierces the mem-
brane to monitor the intracellular membrane voltage, which is controlled by the / electrode. (c) Four amplifier circuits (daughter cards) are
shown that connect to a model cell for development and evaluation. The model cell emulates the electrode resistances and the electrical prop-
erties of the cell membrane. The voltage-clamp board has a BNC input to connect to a microelectrode holder (at V;) and has a post that ex-
tends from the back for mounting to a micromanipulator. Wires are labeled to match the electrode names in b and Fig. S1. A dimension of each
of the model cell and the voltage-clamp enclosure are included for a sense of scale. (d) The amplifier boxes connect to a data acquisition (DAQ)
board with analog-to-digital converters (ADCs) that digitize membrane measurement signals (i.e., /) and digital-to-analog converters (DACs) to
generate control signals (i.e., Vcup(t)). The ADCs and DACs are controlled by an FPGA with a USB 3.0 interface to a host computer.

created by the electrodes. A third board is a model cell
composed of resistors and capacitors that mimic
the electrical properties of the experimental setup
including the oocyte capacitance and leak resistance,
and various electrode resistances. A complete sche-
matic, including the guard portions, is shown in
Fig. ST and nominal component values for the model
cell are included in the supporting material. These
boards were designed using KiCAD software and their
versions are managed on GitHub. The Supporting mate-
rial includes links to each GitHub repository with DOls
that link to the board versions used in this manuscript.

FPGA and software

Our work includes significant developments in both
the FPGA and host computer software. The FPGA is
equipped with various communication controllers to
manage peripherals such as analog switches and re-
lays, program DACs, and capture data from ADCs
(25). The host computer software is written in Python,
utilizing the pyripherals package to streamline and
manage communication with these many peripheral
devices (28). Experiments are typically conducted
using Python scripts executed in an IPython interac-
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tive terminal for flexibility (29). For electrophysiology
experiments, protocols are loaded into the amplifier
system via a comma-separated values spreadsheet,
detailing the starting voltage, voltage changes
for each sweep, and the duration of each sweep
segment. All configuration parameters and experi-
ment details are archived in metadata along with
the current and voltage data using HDF5 files (30)
for analysis using custom Python scripts. The data
can be exported to the Axon Binary Format (ABF), a
common format in electrophysiology that is compat-
ible with pClamp (Molecular Devices, San Jose, CA).
We have also adapted the pyABF package (31) to
enable saving data from our digital amplifier as ABF
files. Before saving ABF files, the sampling rates of
digitized signals are equalized by decimating the
fast ADC current measurements to match the sam-
pling rate of the diagnostic ADC.

MATERIALS AND METHODS
Step response

The dynamic performance of the full amplifier system of Fig. 1 cis
evaluated while connected to a model cell board by applying step
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FIGURE 2 Clamp board schematic. The clamp board schematic
along with important data converters. F, S, and CC connect to
the system under test. All variable resistors and capacitors are
controlled by the host computer through 12C writes to I/0 expanders
that configure digitally controlled switches. The two DACs and the
ADC are placed on the DAQ board, which connects to each clamp
board by an HDMI cable. Relays for calibration, disconnecting nodes,
and shorting F and S are not shown. The same board design is used
for both the bath clamp and guard clamp. Each has a separate HDMI
connection to the DAQ board and can be separately configured.

functions of various amplitudes to the V¢yp terminal. We test the
performance for a set of configurations that vary the sensing
resistor Rr and the clamp amplifier speed. The speed, fast or slow,
is set by adjusting a compensation capacitor (Ccomp) USiNg program-
mable analog switches. The DAQ system digitizes /yeas, the voltage
at P1, and other diagnostic terminals (V1, /). In post-processing,
Iveas can be digitally filtered; unless otherwise noted, we use a
fifth-order Bessel low-pass filter with a 100-kHz cutoff. Leak current
and other sources of current offset are removed during data analysis
by subtracting the average current from a time range far from a com-
mand step. The total integrated charge versus time is found by trap-
ezoidal integration of the membrane current; with the nominal model
cell membrane capacitance value of C, = 33nF, we anticipate
around 1 nC per 30 mV of voltage step. Step-response performance
metrics are extracted using the Python-control library (32). Rise time
(t) is evaluated from 10% to 90%, settling time (t) is time to within
2% of the steady-state value, and overshoot (OS %) is the percentage
of the peak relative to the steady-state value.

Noise and dynamic range

We evaluate the noise of the membrane current measurement using
a waveform of 630- ms duration with the current digitized at a sam-
pling rate of 5 Msps and the CMD signal held steady. For noise in-
vestigations, important configurations include the sensing resistor,
Re, the instrumentation amplifier gain, and the clamp amplifier

speed. The total root mean square (RMS) current noise for a given
measurement bandwidth, I,(fzw), is the standard deviation of the
membrane current after processing by a fifth-order low-pass Bessel
filter with a cutoff frequency of fgy. The noise power spectral den-
sity, P(f), is calculated using Welch's method (from scipy.signal)
with 8192 sample points per segment. The integrated noise as a
function of the high-frequency bandwidth (fy) is

(1)

where f, is the lowest measured frequency set by the waveform
length. Current noise is compared to the peak current without satu-
ration /. for a given configuration to establish a dynamic range as
DR = Iy /In (see Fig. S3 for measures of peak current versus voltage
step).

Capacitive compensation via impulse response
deconvolution

Capacitive compensation uses an auxiliary electrode to source
charge so that the current measuring circuit does not saturate dur-
ing a large step change of the membrane voltage. Referring to Fig. 1
b, the membrane current is

In(t) = Iueas(t) + lec D) 2
= hemp(t) * Vemp (t) + hee(t) * Vee(t)

where h,(t) is the impulse response of terminal x, Vi(t) is the applied
waveform at terminal x, and « is the convolution operator. A conven-
tional amplifier system utilizes a set of analog filters with manually
tuned gain and phase that filter the Vgyp signal to generate a Ve
waveform that minimizes the current that flows through the current
measurement circuit (Rg) during the capacitive transient. In this
work, we apply the flexible signal processing and automated tuning
capabilities of the digital amplifier system to capacitive compensa-
tion. To do so, we measure the impulse response of each terminal
and then generate CC voltage waveforms by deconvolutional
methods that null Iyeas(t). Two methods are developed and as-
sessed: 1) noncausal signal processing that calculates the Vcc(t)
waveform before the beginning of an experiment, and 2) a causal
filter H for FPGA implementation and real-time processing with
Vee(t) = HVemn(t). Both methods require a measurement of the im-
pulse response at each terminal. We measure these impulses by
applying a step input and calculating the derivative of the measured
current. For the measurement of the CC impulse response, Veyp is
held constant so that the membrane voltage does not change and
lec(t) = — Imeas(t), which can be measured by the current measure-
ment circuit that monitors Rg. For simplicity, experimental measure-
ments of the proposed capacitive compensation methods do not
include the guard clamp amplifier.

The first method learns a V¢ (t) by cubic spline interpolation using
a Python package that provides differentiable cubic splines (33)
compatible with the PyTorch machine-learning library. We use a cu-
bic B-spline with 50 control points. The B-spline enforces continuous
second derivatives to ensure that the resulting waveform is feasible
to produce with the DAQ circuitry. The spline parameters are opti-
mized to minimize a loss function of the mean square error between
the measured membrane current induced by a command waveform
step and the current produced by the compensation terminal pre-
dicted as hee * Vemp(t). Optimization is done using ADAM (34) with
a learning rate of 10~ 2.

A second method develops a causal filter that operates on Veup(t)
to calculate Vie(t) in real time. This method enables the compen-
sation waveform to respond to dynamic command waveform
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adjustments, such as series resistance compensation to minimize
the shaping from the combination of the series resistance (Rs)
and membrane capacitance (Cp). The filter architecture follows
the general structure used by conventional COVG amplifiers. Our to-
tal filter is the composite of low-pass (H,), high-pass (Hy), and all-
pass (Ha, for delay) filters each with separately learnable parameters
of cutoff (or center) frequency, Q, and gain. The total filter passes the
sum of the low-pass and high-pass outputs through the all-pass
delay as H = Ha(Hp1 +Hi2 +Hy). More complex architectures are
possible at the cost of FPGA implementation complexity and
training time. The FPGA signal processor of our digital amplifier sys-
tem supports infinite impulse response filters constructed as bi-
quads. So that the parameters of each filter can be learned, we
use differentiable biquad elements implemented for the PyTorch
machine-learning library (35) in the Torchaudio library (36). The
learned filter, H, is trained using ADAM (34) with a learning rate of
10~ 3 to minimize a loss function of the mean square error between
the measured membrane current induced by a command waveform
step and the estimated current produced by the compensation ter-
minal, hcc * (HVCMD(t))

Impedance characterization

For electrode calibration and impedance characterization of the cell
under test, the force-sense electrode pair (P2 and P1) on the clamp
board is equipped with five relays. Each electrode is connected to
two relays: one for linking or detaching the electrode from the ampli-
fier loop and another for connecting or disconnecting it to an isolated
diagnostic terminal. The diagnostic connections can inject or mea-
sure signals with several configuration options: grounded, floating,
connected to the input of an analog-to-digital converter (ADS8686),
a voltage source, or a current source—both sources have arbitrary
waveform generation. A fifth relay is shared between both electrodes
and, when closed, connects P2 and P1, thus bypassing the feedback
loop that is established by the electrodes and chamber solution in
standard operation. The injected voltage and current waveforms are
generated by an eight-channel 16-bit DAC with 5 — us settling time
(DAC80508), which is updated by the FPGA via SPI at a rate up to
2.5 MSPS. The current source is an advanced Howland topology
(37) with a resistor configurable full-scale range with a default config-
uration that produces a full-scale current amplitude of 1.6 uA.
P1/P2 electrode resistances are extracted in two steps. First,
a direct current (DC) input is applied as shown in Fig. S6 to deter-
mine the sum of the two resistances. The digitized voltage
across the resistors is fit to a “soft” square wave of the form
Atanh(s cos(2nft +¢)) so that the RC shaping of rise and fall does
not cause error in the estimated amplitude. For the square wave, A
is the amplitude, s controls the shaping, f is the known wave fre-
quency, and ¢ is the phase. Second, to determine individual resis-
tances, we measure two transfer functions using an injected chirp
signal as shown in Fig. S7. At each frequency, the measured fre-
quency is found by quadratic interpolation of the maximum spectral
peak, the amplitude is calculated from the waveform standard devi-
ation, and the phase is determined by cross-correlation of the input
and output sinusoids. The measured transfer functions are fitted to
an analytical transfer function model using a nonlinear least-
squares minimization library, LMFIT (38), to extract component
values, including Rge. The transfer function model for the P2/P1
electrodes with the CC drive held at a small signal ground is

_ JoRocCoc + 1 3)
Jo(Rec + Rpx)Coc + 1

where Rp, is the resistance of the electrode onto which the signal is
injected, Ccc is a known value (4.7 nF), and w = 2«f. The V4 and V,

Hb(w)
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electrodes are floated for this measurement to eliminate the uncer-
tain electrical properties of the cell membrane and chamber
solutions.

Similarly, a chirp signal is applied to the / terminal with both P1
and P2 electrodes grounded. With Ry, and Ry, determined in earlier
measurements, the measured transfer function can be fitted to

1 1
= |——+R Rp1||R Rs +—
£ = (s Foo ) 1 Rm ) + i
:

E+ R
to estimate R, and the membrane capacitance Cp,.

The V1 sense terminal is a special case as the resistance of this
microelectrode is large, on the order of 500 kQ, such that the para-
sitic capacitance C, at this node must be minimized for wide band-
width feedback. To minimize the parasitic capacitance, we omitted a
relay for diagnostic connections, which means that DC can be
neither sourced nor sunk at node V1. Instead, we measure the
step response of this node. To do so, the feedback loop formed by
amplifier A2 is broken at / and a voltage step is applied to the / elec-
trode. The output of amplifier A2 is digitized and the RC time con-
stant extracted for an estimate of R; + R,. For this method,
the amplifier input capacitance is separately measured. The
microelectrode will contribute an additional and unknown parasitic
capacitance, yet this method still provides an estimate of the micro-
electrode resistance and health. When a COVG chamber is used for
biological experiments, this electrode characterization step requires
the V1 microelectrode to be placed in solution with the / electrode. In
a separate measurement, a top-pool bath electrode (P2 or P1) is
used to determine R, following the DC pulse procedure of S6. For
simplicity, experimental measurements of the proposed impedance
characterization methods do not include the guard clamp amplifier.

(4)
He(s = jw)

RESULTS
Step response

The sensing resistor value determines the maximum
voltage step that can be measured without saturation.
For values of Rr = 33,100,332,and 1000 k@ the
saturation voltage is approximately 320,120,100,
and 20 mV for the fast response configuration. A
comprehensive figure and more analysis is included in
Figs. 3 and 4 of the supporting material. Table 1 shows
that the rise time of the voltage at P1 and the peak time
of the current is faster than the limiting time constant of
the access resistance (RsCp). The time constant, 7, of
the membrane current decay of the fast configurations
is about 36 us, which demonstrates that the dynamics
are dominated by the model cell (RsC,, = 33.3 us) and
are not considerably slowed by the amplifier. The
measured current decay rate for the fast configurations
is similar to values reported for other COVG amplifiers as
20-100 us (23) and 20-40 us (22).

At higher sensitivities, the fast response is under-
damped; the slow response stabilizes the higher
sensitivity configurations at the cost of slower rise
time. Note that the voltage at P1 tracks but is not pre-
cisely the voltage at the membrane because of the
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FIGURE 3 Step response (fast response configuration). Top: com-
manded voltage step of 80 mV (CMD) and the digitized response at
the P1 electrode with R = 100 kQ and a fast response speed.
Bottom: capacitive current and integrated charge in response to
the command step processed off-line with a 100-kHz cutoff digital
filter.

voltage drop across the access resistance from the
membrane current (Vi = Ve — InRs). Figs. 3 and 4
demonstrate the voltage steps (top) as well as
the measured current and integrated charge (bottom)
from which the summary measurements of Table 1
are extracted. As an example, the fast configura-
tion shown in Fig. 3 measures a current peak time
of 27.6 us, membrane current + = 36.0 us, and
settling of the integrated charge in ~ 125 us.

Noise and dynamic range

Table 2 shows the noise in the current measurement
for various configurations and two cutoff frequencies
of a fifth-order Bessel filter. When configured with
Rr = 100 or 332 kQ sensitivity, this amplifier
achieves noise performance of 1.0 nA RMS, which is
similar to previous work (1 nA RMS at 3 kHz (23)
and 1.2 nA RMS at 5 kHz (22)). Fig. 5 displays the in-
tegrated noise to elucidate the relationship between
noise and measurement bandwidth. Total noise in-
creases up to a bandwidth of around 100 kHz and
then plateaus due to the roll-off of the amplifier loop.
The integrated noise method effectively applies a
brick wall filter without any in-band attenuation so
the Bessel filter and standard deviation approach of
Table 2 reports lower values. The 100 k& configura-
tion is suited for general-purpose measurements
with a peak current of 70uA (see Fig. S3) and an
RMS noise of 1.0 nA for a dynamic range of 96.9 dB
and allows for a membrane voltage swing of 100 mV
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FIGURE 4 Step response (slow response configuration). Top: com-
manded voltage step of 80 mV and the measured response at the P1
electrode with R- = 100 kQ and a slow response speed. Bottom:
capacitive current and integrated charge processed off-line with a
100-kHz cutoff digital filter.

before saturation (without capacitive compensation).
The noise limit as set by passive components (i.e.,
membrane capacitance and electrode resistances)
with ideal clamping op-amps was simulated in SPICE
and is indicated as a dashed line in Figs. 5 and S5.
The simulated current noise integrated up to 3 kHz
is 1.03 nA RMS with a primary contribution from the
thermal noise of Ry (the resistance of the micropi-
pete). An analytical expression for this noise is
included in the supporting material. The integrated
noise of the total amplifier system is ~ x2 the noise
floor as set by the model cell, which shows that the

TABLE 1 Step-response analysis for multiple amplifier
configurations

Configuration Ve Im
RrkQ] Speed t[us] 0S% tslusl tylusl 7lus]
33 fast 9.0 3.1 80.6 25.6 375
100 fast 12.0 7.7 119.6 27.6 36.0
332 fast 60.0 14.2 185.6 45.6 36.2
1000 fast 30.0 28.2 365.6 65.6 59.8
100 slow 138.0 0.3 287.6 73.6 103.7
332 slow 120.0 0.1 275.6 85.6 134.9
1000 slow 120.0 2.6 365.6 105.6 188.4

Steps of 80 mV and 10 mV are used for R-<332 k@ and
Re >332 k@, respectively. Before step-response analysis, wave-
forms are filtered with a fifth-order Bessel filter with center frequency
of 100 kHz (Rr <332 k@) or 10 kHz (Rr >332 k). All measure-
ments are with an instrumentation amplifier gain of x 2. For the
measured current (I), ty is the time of peak current. 7 is the time
constant of membrane current exponential decay as evaluated by
a nonlinear fit to I, from t, + 30 us to t, + 200 us. Unstable
Rr and speed combinations are removed.
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TABLE 2 Noise of the measured current determined by the
standard deviation of a 630-ms measurement calculated after
filtering with a fifth-order Bessel filter of cutoff frequency (f;)

RMS I, noise [nA]

Configuration

Re [k Q] Speed f. = 10kHz f. = 3kHz
33 fast 5.4 3.0
100 fast 4.7 1.0
332 fast 4.6 1.0
332 slow 4.0 1.6
1000 slow 3.6 2.2

op-amps, current-resolving resistor, and digitization
contribute modestly but do not dominate the total
noise.

Capacitive compensation

Fig. 6 shows measured impulse responses (see Eq. 2),
which are determined from the measured current in
response to a step applied to the CMD and CC terminals.
The model cell component values are intentionally
adjusted away from nominal (Rs = 500 Q) to induce
undershoot in the I, response, which is a more chal-
lenging transient to compensate. Fig. 6 displays these
impulse responses after a 500-kHz first-order low-
pass filter. Fig. 7 (top) shows the measured current
from a CMD terminal step (Icc) with the simulated /¢c
from the learned cubic spline interpolation. The inset
demonstrates the evolution of the waveform as
training proceeds. The optimized compensation wave-
form is applied experimentally in Fig. 7 (bottom) to
produce Icc. When the command step and the opti-
mized compensation waveform are applied together,
the total measured current (green trace) demonstrates
effective cancellation of the capacitive transient.
Table 3 quantifies the performance of the cancella-
tion measurements evaluated from 50 us before to

Z 10
() 3
0 1
2 10% 3
E 3 —e— 33 kQ, fast
© E 100 kQ, fast
> 10° e 7 —e— 332 KkQ, slow
g E PR 1000 kQ, slow
103 104 10° 106
f [Hz]
FIGURE 5 Integrated current noise versus frequency. The inte-

grated membrane current noise versus the high-frequency cutoff
(see Eq. 1) for four different clamp amplifier configurations. The
dashed line shows the integrated noise from the passive compo-
nents of the model cell combined with ideal clamping op-amps as
extracted from a SPICE simulation.
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FIGURE 6 Impulse responses. The impulse responses of the

sensed current in response to the CMD terminal (top), hemp(t), and
the CC terminal (bottom), hee(t). Impulse responses are calculated
by differentiating the response to a step function.

250 us after the step after filtering the current with
a first-order Butterworth filter of f;, = 1MHz. The sum-
mary statistics included the squared deviation from
zero of the waveform, calculated as 5" /2, the absolute
peak current (I, ), and the total charge (Q;). For the
first two configurations in Table 3 with fast rise times,
the peak current is reduced to 6% or less of the uncom-
pensated waveform. The squared deviation quantifies
the quality of compensation at all points and is
reduced by ~ x100 or more for all configurations.

In simulations, we also demonstrated the feasibility
of optimizing biquad filters for real-time generation of
Vee(t) via filtering of the CMD waveform. Fig. 8 demon-
strates the evolution of the resulting compensation
waveform during training. The filter training success-
fully drives down the loss function (inset) and pla-
teaus after around 20 epochs but the CC current
does not track the undershoot generated by inten-
tional detuning that occurs around 120 us after the
initial rising edge. The filter would require more de-
grees of freedom and likely a second and separate
delay to capture the undershoot. Future work is
required to implement the filters onto the FPGA for
experimental measurements.

Impedance characterization

We captured experimental data using the digital
amplifier electronics and a model cell to evaluate
impedance characterization methods that determine
the electrical parameters of components that vary
with the cell under test or the recording chamber.
The model cell ground-truth values were measured
with an LCR meter (LCR-6300, Gwinstek). Model cell
components Rs, Ry, and Ry are jumper programmable
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FIGURE 7 Capacitive compensation training. Top: (simulations
and training) the current produced by a CC waveform (dashed or-
ange) as determined by training of a cubic spline interpolation. The
CC waveform is convolved with hee and the result nulls the current
from a step input on the CMD terminal (blue). The CC current is in-
verted for easier comparison. The inset shows the CC waveform evo-
lution during training with lines darkening as training progresses.
Bottom (measurements): the pre-calculated CC waveform is pro-
grammed into the FPGA and the cancellation performance is evalu-
ated. The green trace shows the residual current when Veyp(t) and
Vee(t) are applied simultaneously with a membrane voltage step
of 62.5 mV. The simulations and measurements use a configuration
of Rr = 33 kQ and the fast response speed.

with four distinct values. The measurement sequence
was designed to be compatible with the steps required
for an electrophysiology measurement.

The three electrode resistances associated with the
top pool are first estimated using a current source
step function and then refined using an AC chirp
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FIGURE 8 Learned filter capacitive compensation. Training results
of a learned filter amenable to FPGA implementation (biquads) for
capacitive compensation. The compensation currents at a subset
of training epochs as indicated in the legend are overlaid upon the
reference current as measured from a CMD step response. The inset
shows the mean square error (MSE) loss function versus training
epoch on a log-log scale. Before training, the MSE is 2.49 x 10~2
and reaches a minimum of 2.5 x 10~ 2. The minimum is reached af-
ter ~20 epochs.

signal. Fig. 9 demonstrates the measured voltage
across Ry + Ry with a sourced current of 1.6 uA
peak-to-peak square wave. The four ground-truth
values of R, + Ry, ranged from 8.298 to 14.995 k@
and were measured with a maximum relative error
magnitude of — 1.36%.

The amplifier boards do not allow for isolating the
two resistance values using DC measurements. To
separately estimate the values of Ry, and R, and
determine the resistance of the capacitive compensa-
tion electrode (R.:), we inject a chirp signal and
measure the transfer function versus frequency as
shown in Fig. 10. The jumper-programmable resistor,
Rm, is estimated with an error magnitude of less
than 0.95% for each of the four values tested. For
the data demonstrated in Fig. 10, the Ry, error is
—0.34% and the R erroris — 2.79%.

The V1 microelectrode voltage-sensing amplifier
does not have digitally configurable relays for signal

TABLE 3 Configuration and summary statistics of measured membrane current with and without capacitive compensation at four different

configurations with each trained separately

Re [k Q] speed Undershoot CC comp.? Sq. deviation [A%] lpeak [1A] Q: [nC]
33 fast 14.1 no 7.25 x 1077 58.7 2.86
33 fast - yes 1.77 x 107° 3.61 0.186
100 fast 18 no 714 x 1077 55 2.79
100 fast - yes 8.02 x 1071° 2.01 0.107
100 slow 1.24 no 2.46 x 1077 26.7 2.72
100 slow - yes 221 x 107° 3.71 0.259
332 slow 451 no 151 x 1078 6.35 0.687
332 slow - yes 1.6 x 1071 0.823 0.002 91

The speed configuration trades rise time and undershoot. A membrane voltage step of 62.5 mV was used for all entries except for Re =

332 k@, which uses 15.6 mV. CC comp., capacitive compensation.
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FIGURE 9 Electrode resistance characterization. Pulsed current
measurement to determine the total bath electrode resistances,
Rp1 + Rpy. Data are blue markers with a fit to a soft square wave
of the form A tanh(s cos(2rft +¢)) shown in orange. Diagnostic re-
lays on the clamp board are configured to disconnect the feedback
amplifier and connect a pulsed current source to P1. The same node
is digitized by an auxiliary ADC channel with electrode P2 grounded
(see Fig. S6). The resistance value extracted from the measurement
is 8.27 kQ as compared to a ground truth of 8.298 kQ. Since the
connection between Rpy and Rp; is formed within the pool, the two
resistances cannot be isolated.

injection or probing, so DC injection cannot be used
to measure the electrode resistance. Alternatively,
Fig. 11 demonstrates an approach that determines
the RC time constant of this sensing node. For this
measurement, the P1 and P2 electrodes are discon-
nected by the programmable relays and the CC elec-
trode is disconnected so that the membrane does
not add a capacitive load. For R; values of 100,
200, 475, and 1000 kQ, we measure time constants
from 4.1 to 10 us and estimate the parasitic capaci-
tance using the measurements with the largest
value to be 9.5 pF. The RC time constant of the
smaller Ry values is increased due to shaping from
the amplifier and digitization circuitry. This method
allows for estimation of the health of the microelec-
trode and, with a known amplifier input capacitance
(i.e., Cp in Fig. 1 b), Ry may be estimated, yet any
additional and unaccounted for distributed capaci-
tance of the microelectrode will cause an overesti-
mation of Rj.

An AC transfer function measurement using a
50-mV amplitude chirp waveform injected through
the I electrode and sensed at the V; node is used to es-
timate the / electrode resistance and the capacitance
of the membrane. Fig. 12 shows the resulting mea-
surement and fit to the transfer function of Eq. 4
with the CC elements removed and the series resis-
tance value fixed to Rs, = 1 kQ. The membrane
capacitance estimate of 35.8 nF is 8.9% greater than
the LCR measurement of 32.6 nF, whereas the R, esti-
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FIGURE 10 Measured system transfer functions. Two measured
transfer functions that are measured using a chirp stimulus (see
Fig. S7) (star and circle markers) with corresponding fits (solid
lines). The measurements and fits are labeled by the electrode
resistance that is driven (i.e., fits the role of Ry in Fig. S7). Fits
to these transfer functions using Eq. 3 extract the three electrode
resistances that connect to the top bath (annotated in the top
right).

mate is below the ground-truth measurement of
94.2 kQ.These measurements are designed to verify
that the experimental setup is properly established
and to provide parameters to real-time digital feed-
back controllers, so high accuracy is not prioritized.
Other methodologies, such as paired ramps, may
be preferred to minimize the impact of nonlinear mem-
brane |-V due to voltage-dependent activation or inac-
tivation of conductance (39).
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FIGURE 11 Sense amplifier capacitance characterization. A

voltage step of 40 mV (blue, dashed line) is applied to the / electrode
for four values of Ry: 100 kQ (orange), 200, 475, and 1000 k@
(brown). The voltage sense amplifier step response verifies the RC
time constant of the V; sensing node to extract the microelectrode
resistance. The digitized V; signal is scaled by the gain of the ampli-
fier so that the display value is input referred; modest offset voltages
are shown and were not nulled since these do not impact extraction
of the RC time constant.
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FIGURE 12 Measured transfer function to extract membrane
capacitance. Measured transfer function (circles) with a chirp
applied to electrode | and a corresponding fit to Eq. 4 and uncer-
tainties extracted from the fit error. This transfer function allows
for extraction of the driving electrode (/) resistance and an estimate
of the membrane capacitance (Cp).

DISCUSSION

This manuscript presents a flexible electronics sys-
tem for COVG electrophysiology measurements and
is open sourced to also allow for user-driven modifica-
tions for custom measurements, such as impedance
spectroscopy (40,41) or dynamic clamp (42,43). By
shifting amplifier configuration to software, and
away from manually controlled switches and knobs,
this system allows for automated, repeatable, and
data-driven setup. We used a model cell to demon-
strate a reproducible suite of performance tests
and measured competitive specifications for step
response (36 — us current time constant), linearity,
and noise (1.0-nA RMS at 3-kHz bandwidth). Further-
more, in this manuscript, we present creative methods
for capacitive compensation by learning a compen-
sating waveform constructed from differentiable
splines to minimize the residual current calculated
from the measured impulse response of the CMD
and CC terminals. The diagnostic relays on the ampli-
fier boards and auxiliary ADCs and DACs allow for fre-
quency-dependent impedance characterization that
extracts the electrical parameters of the biological
setup that may vary from experiment to experiment.
These compensation and impedance characterization
methods are valuable building blocks for automated
setup and tuning of an advanced control system,
respectively, that are in development.

Biological measurements represent a critical next
step for future work. In the present study, we used
a model cell, which offers the advantage of providing
reproducible measurements across laboratories
due to the known and consistent electrical parame-
ters. However, a model cell does not account for

the complexities that arise in biological systems,
such as solution-electrode voltage offsets, variability
in resistance and capacitance values, fluctuating
leakage currents, and nonlinearites of electrode resis-
tances and membrane capacitances. The hardware
was designed to address these challenges, but its
ability to fully handle them has not yet been vali-
dated. To prepare for biological experiments, we
need to further organize the software to streamline
the setup and ensure tight integration with the exper-
imental procedures (24).

The real-time feedback enabled by the custom DAQ
board and FPGA signal processing is well suited for
the use of advanced control systems that may offer
improved performance over conventional methods
such as series resistance compensation (13). The con-
ventional approach for series resistance compensa-
tion measures the membrane current and adjusts
the commanded voltage by adding the estimated
voltage drop across this resistor (I,Rs). This approach
requires an accurate estimate of Rs and can be unsta-
ble at high bandwidths. Sherman et al. improved sta-
bility for whole-cell patch-clamp measurements
by using a membrane state estimator (17). . In the
same vein, for future work, we are leveraging the
many ADCs and DACs of this system and the low
latency digital feedback provided by the FPGA to
develop modern control systems design (state space
and multi-input multi-output) for COVG, which implic-
itly includes series resistance compensation. The
impedance estimation methods developed in this
work are an important building block of system identi-
fication to guide feedback controller configuration
with known model parameters for improved perfor-
mance and/or robustness (44).

The automated capacitive compensation develop-
ments demonstrate successful training of biquad fil-
ters (Fig. 8) that, in real time, can process the
command signal to create a compensatory signal
that nulls the capacitive transient current. Biquad fil-
ters are a natural building block for digital signal pro-
cessing. However, this method has not yet been
implemented on the FPGA or experimentally evalu-
ated. An important next step is to map the software
implementation of the capacitive compensation bi-
guads to a hardware implementation on the FPGA. Af-
ter verifying the FPGA implementation via simulation,
we will then test the compensation method using our
hardware.

Voltage-clamp fluorometry, which simultaneously
records electrophysiology signals and fluorescence
data (24), requires measurement synchronization
and additional digitization channels. The proposed
amplifier has been designed to accommodate such
extensions, offering digital inputs and outputs for
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synchronization and free analog inputs (ADCs) and
analog outputs (DACs) for recording and stimulus con-
trol. Due to this flexibility, the system is expected to
be well suited for future applications in multi-modal
experiments such as voltage-clamp fluorometry.
Furthermore, experiments that require unconventional
modifications to the electronics, software, and/or firm-
ware may be a particularly good fit.
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