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The combination of electrophysiology and electrochemistry acquisition methods
using a single carbon fiber microelectrode (CFM) in the brain has enabled more
extensive analysis of neurochemical release, neural activity, and animal behavior.
Predominantly, analog CMOS (Complementary Metal Oxide Semiconductor)
switches are used for these interleaved applications to alternate the CFM
output between electrophysiology and electrochemistry acquisition circuitry.
However, one underlying issue with analog CMOS switches is the introduction
of transient voltage artifacts in recorded electrophysiology signals resulting from
CMOS charge injection. These injected artifacts attenuate electrophysiology data
and delay reliable signal observation after every switch actuation from
electrochemistry acquisition. Previously published attempts at interleaved
electrophysiology and electrochemistry were able to recover reliable
electrophysiology data within approximately 10-50 ms after switch actuation
by employing various high-pass filtering methods to mitigate the observed
voltage artifacts. However, high-pass filtering of this nature also attenuates
valuable portions of the local-field potential (LFP) frequency range, thus
limiting the extent of network-level insights that can be derived from in vivo
measurements. This paper proposes a solution to overcome the limitation of
charge injection artifacts that affect electrophysiological data while preserving
important lower-frequency LFP bands. A voltage follower operational amplifier
was integrated before the CMOS switch to increase current flow to the switch and
dissipate any injected charge. This hardware addition resulted in a 16.98%
decrease in electrophysiology acquisition delay compared to circuitry without
a voltage follower. Additionally, single-term exponential modeling was
implemented in post-processing to characterize and subtract remaining
transient voltage artifacts in recorded electrophysiology data. As a result,
electrophysiology data was reliably recovered 326 + 0.22ms after the
beginning of the acquisition period (a 60% decrease from previous studies),
while also minimizing LFP attenuation. Through these advancements, coupled
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electrophysiology and electrochemistry measurements can be conducted at
higher scan rates while retaining data integrity for a more comprehensive
analysis of neural activity and neurochemical release.

KEYWORDS

fast-scan cyclic voltammetry, electrophysiological recording, post signal processing,
dopamine, electrochemistry

1 Introduction

In the past decade, combined electrochemistry (Echem) and
electrophysiology ~ (Ephys) experiments have provided a more
comprehensive understanding of presynaptic and postsynaptic
neuronal activity in the brain (Cheer et al,, 2005). Electrophysiological
recording enables monitoring of neuronal activity by measuring voltage
fluctuations due to ion passage through neurons at the extracellular level
(Li and Jasper, 1953). Action potentials, which are high frequency
electrical events produced by individual neurons, as well as local-field
potentials (LEPs), which are lower frequency (<100 Hz) synaptic events
produced by clusters of neurons, can be measured by electrophysiological
recording in this extracellular region (Gold et al., 2006; Buzsaki et al,
2012). However, electrophysiological recording is limited in its ability to
quantify neurochemical transactions due to the absence of necessary
voltage fluctuations. Conversely, fast-scan cyclic voltammetry (FSCV) is a
well-established
neurochemical release into the extracellular region by quantifying

electrochemical method that measures evoked
nanocurrents formed from displaced electrons during oxidation and
reduction reactions (Cabrera et al, 2020; Venton and Cao, 2020).
Performing coupled electrophysiological recording and FSCV at a
single electrode in vivo allows for more sophisticated analysis of
behavior with minimal damage to brain tissue (Covey and Cheer,
2019; Owesson-White et al., 2009; Su et al., 1990).

When performing coupled electrophysiological recording and FSCV
using a single electrode, a significant amount of signal noise is introduced
into the data stream when switching between acquisition modes. To
address this issue, analog complementary metal oxide semiconductor
(CMOS) switches are commonly used due to their low cost, power
consumption, and low signal distortion (Corrigan and Goggin, 2004).
However, CMOS switches are not without limitations, and one major
problem is the presence of signal artifacts resulting from charge injection.
When the gate voltage is alternated in a CMOS switch, charge flow
between the gate-source and gate-drain capacitance induces a charge to
the conduction channel, which appears as a low-frequency (<50 Hz)
transient voltage spike in the carried signal with magnitudes on the order
of microvolts (Wegmann et al., 1987; Yu, 2010). In the case of FSCV, a
holding potential with a magnitude on the order of volts is initially
applied to preconcentrate neurochemicals on the electrode surface
(Puthongkham and Venton, 2020). Therefore, when switching from
electrophysiological recording to FSCV, any charge-injected transients
FSCV  holding potential. However,
electrophysiological signals are recorded with magnitudes on the order
of microvolts, making charge injection artifacts more apparent when

are dominated by the

switching from FSCV to electrophysiological recordings (Shich et al,
1987). Thus, voltage transients can delay and attenuate the measurement
of reliable electrophysiological data after switching between modes.
The charge injection artifacts not only affect the measurement of
electrophysiological signals but also cause a delay in the acquisition of
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reliable data, which in turn requires a slower repetition time in FSCV to

meaningful

electrophysiological data. FSCV is ideally run at a 400 V/s scan rate

increase  the acquisition period and  collect
with a repetition rate of 10 Hz to achieve a better signal-to-noise ratio,
enhance neurochemical adsorption, and improve electrode sensitivity
(Keithley et al., 2011; D. H. Kim et al., 2018; Venton and Cao, 2020).
However, previous attempts at interleaved electrophysiological
recording and FSCV used a 5 Hz cyclic voltammetry frequency and
reported that full electrophysiological data recovery was not achieved
until 50 ms (25% of the Ephys acquisition period) after the beginning of
the acquisition period (Parent et al., 2017). Therefore, it is crucial to
minimize the delay to allow for combined electrophysiological
recording and FSCV at their respective optimal settings while
maintaining high signal acquisition quality.

Efforts to combine electrophysiological recording and FSCV in
previous studies used newer CMOS switches with low leakage, low
charge transfer, low input capacitance, and low resistance to minimize
the effects of charge injection (Parent et al,, 2017). Additionally, various
high-pass filters were implemented in post-processing to reduce the
low-frequency voltage spikes in the recorded electrophysiological data
(Takmakov et al., 2011; Belle et al.,, 2013; Parent et al., 2017). However,
this filtering technique also attenuates physiologically relevant LFP
frequency bands, such as Delta, Theta, Alpha, Beta, Gamma, High-
Frequency, and Ripple, depending on the filter characteristics
(Nukitram et al., 2021). The previous studies have mainly focused
on recovering higher-frequency LFP bands and action potentials, but to
gain a more comprehensive understanding of neurological events, it is
important to retain as many LFP frequency bands as possible (Belitski
et al, 2010).

This study proposes a solution to overcome the limitation of
charge injection artifacts that affect electrophysiological data while
preserving important lower-frequency LFP bands. To achieve this,
the present study implements a voltage follower in the data
acquisition circuitry and post-processing the data with curve-fit
subtraction. This approach reduces the amplitude of injected voltage
transient and shortens the delay until reliable electrophysiological
data can be measured, all without the need for high-pass filtering.
The outcome is the ability to combine electrophysiological recording
and FSCV measurements with higher FSCV scan rates, while still
retaining physiologically relevant LFP bands.

2 Materials and methods
2.1 Electrode fabrication
Carbon fiber microelectrodes (CFMs) were chosen for this study

because of their superior sensitivity for interleaved applications.
Although previous electrophysiology-only applications have utilized
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FIGURE 1

Functional circuit diagram for Ephys and FSCV acquisition. From the TRIS buffer in vitro environment, SWO0 and SW1 alternate the working electrode
output between the FSCV and electrophysiology acquisition circuitry. Arbitrary waveform generators are used to control the SW0 and SW1 enable and

transmit electrophysiology data into the in vitro environment.

alternative electrode materials such as diamond or gold, CFMs
exhibit higher sensitivity for FSCV applications compared to
CFMs were the
preferred electrode in this investigation due to their superior

metal or diamond electrodes. Therefore,
echem sensitivity and satisfactory electrophysiology sensitivity.

CFMs were fabricated using a previously established method
(Ohetal, 2015, 2016; Barath et al., 2020). Briefly, a single carbon
fiber (AS4, diameter = 7 pm; Hexcel, Stamford, CT) was inserted
into a silica tube (ID = 20 um, OD = 90 pm, 10 pm coat with
polyimide; Polymicro Technologies, Phoenix, AZ) and sealed
using epoxy resin (Clark et al., 2010). A nitinol extension wire
(Nitinol #1, an alloy of nickel and titanium; Fort Wayne Metals,
IN) was connected to the silica tubing and insulated with
polyimide tubing (ID = 0.0089", OD = 0.0134, WT = 0.00225;
Vention Medical, Salem, NH). The carbon fiber tip was then
trimmed to an approximate length of 50-70 um. In addition,
Teflon-coated silver wire (A-M systems, Inc., Sequim, WA) was
chlorinated in saline to create Ag/AgCl reference and data input
electrodes.

2.2 Experimental apparatus

Figure 1 illustrates an in vitro experimental setup designed
for coupled electrophysiological recording and FSCV. The
apparatus consists of a CFM and a corresponding ground
reference Ag/AgCl electrode submerged in a TRIS buffer and
data and FSCV
acquisition circuitry. Additionally, a data Ag/AgCl electrode

connected to both electrophysiological
is present in the buffer for the transmission of basal forebrain
LFP recordings to simulate neuronal activity in the in vitro
environment. Low charge injection and on-resistance
MAX319 analog CMOS switches (Texas Instruments, Dallas,

TX) were used to alternate the CFM output between
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and FSCV
500 ms, the CFM output switches from electrophysiological

electrophysiology recording circuitry. Every
recording to FSCV for 20 ms to perform only one acquisition
mode at a time. The 480 ms delay between FSCV scans was used
for testing purposes to increase the sampling window of
electrophysiology recording for complete observation of the
charge injection voltage artifact.

Operational amplifiers were employed in the FSCV circuitry to
perform transimpedance and voltage offsetting and produce refined
voltammograms at the FSCV Output. A voltage follower was
implemented between CFM and the CMOS switch (SW1) in the
electrophysiological recording circuitry to mitigate the effects of
charge injection from the CMOS switch. Although the voltage
follower maintains equal voltage on the input and output
terminals, the high input resistance and low output resistance
characteristics of the follower generates larger output current.
This increased current flow dissipates injected charge from the
CMOS device faster, resulting smaller voltage artifacts and
decreased  electrophysiology delay.
electrophysiological signals were amplified to the millivolt scale at

acquisition Finally,

the Ephys output.

2.3 Input electrophysiology data

During the experimentation, open-source basal forebrain
LFP recordings were continuously transmitted at the Ephys
Data Input (Figure 1) to simulate in vitro neural activity,
using a Keysight 33522B arbitrary waveform generator
(Keysight, Santa Rosa, CA). To increase the signal-to-noise
ratio, the LFP recordings were sent with a 1 mVpp amplitude.
This approach was adopted to maintain consistency with in vivo
neural signals and enhance the relevance of the in vitro
experimentation (Nair et al., 2017a; 2017b).
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2.4 Data acquisition

2.4.1 Electrophysiology

The electrophysiological data was collected and amplified to the
millivolt scale at the Ephys Ouput (Figure 1) at a sample rate of
12.5kHz using an Intan RHD2000 USB interface board (Intan
Technologies, Los Angeles, CA). The data was stored on a PC
base-station for analysis. Finally, MATLAB (MathWorks Inc.,
Natick, MA) was used for the post-processing of recorded
electrophysiology signals.

2.4.2 Fast-scan cyclic voltammetry

To perform FSCV, a triangular waveform with a peak potential
of 1.3 V and a holding potential of —0.4 V was applied at a repetition
rate of 2 Hz with a scan rate of 400 V/s. FSCV voltammograms were
recorded using WincsWare (Mayo Clinic, Rochester, MN) (Shin
etal., 2019). This lower repetition rate was chosen for better analysis
of the injected voltage artifacts, and the minimization of the artifacts
will allow for the use of faster repetition rates when performing
coupled FSCV and electrophysiology recording. It should be noted
that while FSCV was used for the purpose of coupled FSCV and
electrophysiological recording, charge injection post-processing was
not necessary as previously discussed.

2.4.3 Synchronizing acquisition circuitry

To guarantee accurate synchronization between FSCV and
electrophysiological acquisition, a Keysight 33522B arbitrary
waveform generator was utilized to enable the switches. This 2-
channel device generated a 20 ms enable signal at 2 Hz to SWO for
FSCV acquisition and an inverted enable signal to SW1 for
electrophysiological acquisition. This configuration ensured that
only one acquisition circuitry line would be connected to the
in vitro environment and CFM at a time.

2.5 Data analysis and post-processing

Figures and statistical analyses were generated using MATLAB
and GraphPad Prism (GraphPad Software Inc., Boston, MA),
respectively. One-way ANOVA and paired t-tests were used for
statistical analysis. Mean + standard error of the mean (SEM) values
are presented for an n-number of electrodes.

2.5.1 Voltage artifact characterization and removal
FSCV
electrophysiological recording have employed various filtering
methods to reduce noise and attenuate transient voltage artifacts

Previous studies for interleaved and

from recorded electrophysiological data (Takmakov et al., 2011).
However, these methods have a drawback of attenuating parts of
the LFP spectrum, causing a loss of physiologically relevant
electrophysiological data. To address this, this study utilizes
single-term exponential regression to characterize the observed
resistive-capacitive (RC) transient voltage artifacts (Gémez-
Aguilar et al, 2017). The modeled voltage artifact is then
subtracted from the original electrophysiological output to
recover the desired signal (Figure 1).
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2.5.2 Quantification of acquisition delay due to
charge injection voltage artifacts

As explained earlier, charge injection creates a transient voltage
spike that delays the recovery of reliable electrophysiological data
when switching from FSCV acquisition. This delay is referred to as
the “settling time” since the electrophysiological data is only reliable
once the voltage artifact settles to the baseline voltage. To quantify
the settling time, a thresholding function was used to determine
when the average value of the voltage artifact had decayed to below
one standard deviation of the input electrophysiology data after
switch actuation. Thus, by comparing different post-processing
methods by their settling times, the most optimal post-processing
method for electrophysiology data recovery can be determined.

2.6 Validation of interleaved FSCV and
electrophysiology

For in vitro validation, a dopamine flow injection system was
utilized (D. H. Kim et al., 2014). A CFM was positioned at the center
of an acrylic chamber that was connected to a flanged fluid line
(BOLA, Germany) through a switching valve (Rheodyne MX series
11, IDEX Health & Science, United States). A syringe pump (Harvard
Apparatus, Holliston, MA) was employed to maintain a flow rate of
2 mL per minute. To assess the functionality of FSCV, 10-s boluses
of 100 nM dopamine were intermittently injected into the CFM
during the continuous injection of TRIS buffer.

3 Results

3.1 Effect of voltage follower in
electrophysiology acquisition circuitry

In previous attempts to combine electrophysiological recording
and FSCV, CMOS analog switches were used to minimize charge
injection in the acquisition circuitry by optimizing for low leakage
and charge transfer. However, to further improve this approach, a
voltage follower was added to the electrophysiological circuitry
between CFM and SWI1 to minimize the effects of charge
injection. The low output impedance characteristic of the voltage
follower allowed for an increased current flow to the CMOS switch,
resulting in a faster dissipation of any injected charge after switch
actuation. To test this, data was recorded with and without the
voltage follower, and the transient voltage artifact was observed by
grounding the electrophysiological input waveform generator. Using
paired t-tests, it was determined that the addition of the voltage
follower decreased in recovery delay of 23.35 + 0.54ms (n =
5 electrodes, p < 0.0001, Figure 2A) and reduced the overall
voltage artifact magnitude by 24257 + 2427uV (n =
5 electrodes, p = 0.0003, Figure 2B). Figure 2C shows the
recorded charge injection voltage artifact (millivolt scale) during
the first 100 ms of the electrophysiological data acquisition period
after switch actuation, which dominates the signal (microvolt scale)
until it settles back to the 0V baseline, thus delaying the
measurement of reliable electrophysiology data.
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Effect of voltage follower in electrophysiology acquisition circuitry. (A) Observed decrease in acquisition delay with the addition of the voltage
follower (n = 5 electrodes, paired t-test, p < 0.0001). (B) Observed decrease in initial magnitude of voltage artifact (n = 5 electrodes, paired t-test, p =
0.0003). (C) Sample recordings at the electrophysiology output, demonstrating the effect of the voltage follower on the transient voltage artifact.
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Voltage artifact settling time—electrophysiology acquisition delay—for various post-processing methods. (A) Settling times for selected signals. (B)
Respective recordings portraying difference in transient voltage artifact for each signal type.

3.2 Effect of charge injection
characterization and subtraction

In addition to artifact reduction from the implemented voltage
follower in hardware, the curve characterization and subtraction
method presented in this paper better minimized the voltage
artifacts in recorded electrophysiological data. Before post-
processing, electrophysiology data is recovered 125.80 + 0.39 ms
after switch actuation (Figure 2).

A one-way ANOVA demonstrated significant differences in
artifact settling time among the different post-processing
methods considered (n = 5 electrodes; p < 0.0001). Figures
3A, B demonstrates that a third-order high-pass filter with a
cutoff frequency of 15 Hz resulted in a statistically significant
110.30 + 0.43 ms decrease in acquisition delay (n = 5 electrodes,
paired t-test, p < 0.0001), which is comparable to the signal
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recovery analysis performed by Parent et al. (2017) who were able
to recover most of the electrophysiological data spectrum within
50 ms after switch actuation. Furthermore, increasing the filter
cutoff frequency leads to faster artifact settling times, as a 50 Hz
high-pass filter resulted in a 9.64 + 0.21 ms decrease in delay
when compared to a 15 Hz high-pass filter (n = 5 electrodes,
paired t-test, p < 0.0001). To compare the difference in settling
time between high-pass filtering and voltage artifact
characterization and subtraction, the artifact was modeled by
performing single-term exponential regression on each
electrophysiology acquisition period. The exponentials were
then subtracted from the original electrophysiology recording,
resulting in the recovered electrophysiology data. Ultimately, this
method results in a 11.57 £ 0.24 ms decrease in acquisition delay
when compared to a 15 Hz high-pass filter (n = 5 electrodes,

paired t-test, p < 0.0001).
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FIGURE 4

Comparison of electrophysiology data retention using high-pass filtering and the proposed curve characterization method. (A) Original sample
signal input and its frequency spectrum. (B) Signal recording and frequency spectrum at the electrophysiology output. (C) Depiction of curve
characterization and subtraction process. (D) Depiction of third order high-pass filter with a cutoff frequency of 50 Hz. (E) Signal comparison and
frequency spectrum of post-processed electrophysiology data using the proposed curve characterization method. (F) Signal comparison and
frequency spectrum of post processed electrophysiology data using a high-pass filtering method.
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electrophysiology data. (E,F) FSCV color plot and current response for a dopamine injection event at t = 11 s.

In addition to the improvements in acquisition delay, Figure 4
highlights the significant difference in signal quality between
traditional high-pass filtering and the proposed characterization
and subtraction method. The frequency spectrum between the
electrophysiological data (Figure 4A) and output (Figure 4B)
remained largely similar, except for the addition of low-frequency
content within the first 100 ms in the electrophysiological recording
output spectrogram due to the voltage artifact. After applying the
respective post-processing methods (Figures 4C, D) to the
electrophysiological output, it was observed in the time and
frequency domain that the characterization and subtraction
method better attenuates the voltage artifact while preserving
more of the valuable lower-frequency electrophysiological content
(Figures 4E, F).

3.3 Validation of interleaved FSCV and
electrophysiology

The in vitro apparatus was further validated by incorporating
a flow cell system, which was used to periodically inject boluses of
dopamine for FSCV measurement. This system enabled a more
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comprehensive assessment of interleaved electrophysiological
recording and FSCV acquisition. As depicted in Figure 5, the
techniques proposed here demonstrated minimal signal loss
while retaining FSCV dopamine sensitivity. Figure 5A displays
a 40-s post-processed electrophysiological recording with
80 electrophysiological acquisition periods. Within this 40-s
recording, Figure 5B exhibits a single electrophysiological
acquisition period with the corresponding data input and
post-processed output, highlighting signal retention in the
time Additionally, 5C, D show the
preservation of frequency content in the sample data from

domain. Figures
Figure 5B. Finally, Figures 5E, F display the corresponding 40-
s sample FSCV recording with a dopamine injection event at t =
11 s, revealing the reliable performance of the coupled FSCV and
electrophysiological recording with minimal acquisition delay
and signal attenuation.

4 Discussion

This paper details the improved circuitry and post-processing
techniques employed to minimize the effects of CMOS charge
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injection during interleaved FSCV and electrophysiological
recordings. These improvements include the addition of an
operational amplifier voltage follower to the acquisition circuitry,
as well as the characterization and subtraction of charge injection
artifacts. These refinements result in electrophysiological recordings
with minimal acquisition delay and minimal attenuation of lower
frequency LFP bands, allowing for optimal scan rates during FSCV
acquisition for interleaved applications, while preserving important
low-frequency neural phenomena.

Traditionally, voltage followers, also known as unity gain buffer
amplifiers, have been used to transfer voltage from high impedance
circuits to lower impedance circuits. This is because voltage
followers can provide significant current gain while maintaining
voltage across a significant impedance reduction, making them ideal
for measuring fast-changing signals from high impedance sources
like electrode probes in bioelectronics (De Man et al., 1977). For this
reason, voltage followers have been used in electrophysiological data
acquisition circuitry to capture fast-changing biological potentials
(Allen and Toyama, 1973; Mabilde, 1974). Previous attempts to
incorporate voltage followers in interleaved electrophysiological
recording and FSCV acquisition circuitry resulted in the
introduction of charge injection artifacts into the recorded
electrophysiological signals. This issue occurred due to the
placement of the voltage follower after CMOS switches, which
ESCV  and
electrophysiological recording circuitry (Takmakov et al., 2011;
Parent et al., 2017). While charge injection from CMOS switches
is unavoidable in interleaved applications, placing the voltage

alternate  the working electrode  between

follower before the CMOS device was shown to decrease the
effect of injected charge on the recorded Ephys signal. Models of
charge injection from CMOS devices have shown that the switch
charge injection effect is functionally dependent on the driving force,
thus the additional current gain from the voltage follower to the
CMOS switch influences the presence of injected charge (Shich et al.,
1987). Further improvements to acquisition circuitry could include
circuit techniques such as gain boosting or switch bootstrapping to
overcome the undesired effects of charge injection and minimize its
prominence in recorded Ephys signals (Razavi, 2015; Tiwari and
Talwekar, 2020).

More recently, LFP analysis have been pursued to aid deep-
brain stimulation (DBS) research and treatment of neurological
disorders such as Parkinson’s disease (Lempka and Mclntyre,
2013). interleaved FSCV
electrophysiological data acquisition systems to aid DBS

Previous attempts at and
research experienced the presence of charge injection voltage
artifacts in electrophysiological recordings, limiting the amount
of electrophysiological analysis that could be performed and
forcing the use of lower FSCV repetition rates to compensate
for the settling time of the transient voltage artifact (Parent et al.,
2017). High-pass filtering of about 10 Hz was used in these
interleaved applications to attenuate the recorded artifacts and
recover electrophysiological data earlier in the acquisition period.
Additionally, high-pass filtering of this nature has been
prominent in independent electrophysiological
implementations that experienced transient artifacts resulting
from CMOS devices (K. Kim et al., 2020). However, while
filtering can minimize the effects of low-frequency charge

injection artifacts, it also attenuates LFP delta, theta, alpha,

Frontiers in Signal Processing

10.3389/frsip.2023.1195800

and beta LFP bands (<30 Hz) that are imperative for DBS
studies on motor symptoms and disorders such as Parkinson’s
(Kajikawa and Schroeder, 2011; Lempka and McIntyre, 2013). To
overcome this, exponential modeling was implemented to
characterize the transient nature of the charge-injected voltage
artifacts (Dei and Valle, 2006). Characterization and subtraction
allowed for more accurate removal of the introduced transient
artifact while preserving the valuable lower-frequency LFP
bands. As a applications
accurately record LFP data while maintaining a more optimal

result, interleaved can more
FSCV scan rate. These improvements to acquisition technology
facilitate a more extensive analysis of presynaptic and
postsynaptic neuronal activity for the next-generation of
studies in drug addiction and mental disorders (Fitzgerald and
Watson, 2019; Kolpakova et al., 2022).

One issue that may impact interleaved applications is the
irregularity of charge injection and the inconsistency of recorded
voltage artifacts. Charge injection is directly related to the on-
resistance of CMOS devices. Therefore, varying impedances on
the CFM input from different experimental environments can
affect the transient nature of the charge injected artifact (Tiwari
and Talwekar, 2020). For this reason, the decision was made to
characterize and subtract artifacts individually after every switch
actuation. While this method accurately removes artifacts, it
requires more computationally intensive curve characterization
and subtraction. This level of signal processing may not be
feasible for certain real-time applications or mobile acquisition
devices. For interleaved applications that require instant real-time
display and analysis of interleaved data, curve characterization may
be applied once initially and used as a general model to subtract from
all artifacts recorded after switch actuation. This generalization of
the charge injection characterization will significantly reduce
computational intensity, offering real-time capabilities at the
expense of electrophysiological signal quality due to artifact
inconsistencies.

The advancements and methodologies introduced in this paper
should be further developed and implemented in interleaved
technologies, if feasible, to leverage their combined strengths and
overcome individual limitations. For example, higher sampling rates
in electrophysiology acquisition can enhance resilience against
ambient noise during recordings, in addition to capturing high-
speed action potentials (Jaw, 2001). This heightened resolution has
the potential to minimize distortion in electrophysiology data
during post-processing. Moreover, the incorporation of digital
signal processing devices in the acquisition circuitry can facilitate
real-time data processing and artifact removal, thus amplifying the
impact of this solution in commercial applications. Finally, the use of
carbon nanotube-based electrodes has proven to result in lower
electrode impedance, increased neuronal adhesion, and a higher
concentration of neurochemicals on the electrode surface due to
their rough nanostructure (Mazzatenta et al., 2007). While these
electrodes are more challenging to fabricate than the carbon fiber
electrodes used in this study, their advantages could potentially lead
to higher signal-to-noise ratios, faster scan rates, and increased
biocompatibility for future interleaved applications (Asis et al.,
2010).

Although no in vivo experiments were conducted in this study,
the transmission of in vivo LFP data within the in vitro

frontiersin.org


https://www.frontiersin.org/journals/signal-processing
https://www.frontiersin.org
https://doi.org/10.3389/frsip.2023.1195800

Avula et al.

environment provided an adequate simulation of neural activity
for testing the post-processing methods. Considering that the
circuit adjustments were applied to existing in vivo acquisition
circuitry and the post-processing techniques can be implemented
on any interleaved electrophysiological data, it is expected that
future in vivo applications will benefit from the findings
presented in this paper. With the improvements introduced in
this paper and the availability of next-generation tools,
interleaved FSCV and electrophysiology applications will
enable the recording of more precise and desirable data,
leading to a deeper understanding of neuronal activity in the
brain.

5 Conclusion

This paper proposes solutions to reduce the impact of CMOS
charge injection on electrophysiological recordings during
interleaved FSCV applications. Charge injection from data
acquisition circuitry causes voltage artifacts that can affect the
accuracy of recorded electrophysiological data. To minimize this
effect, the paper suggests the use of an operational amplifier
voltage follower in the acquisition circuitry, as well as the
application of post-processing techniques, such as single-term
exponential modeling, to characterize and subtract charge
injection artifacts. These improvements enable the acquisition
of both electrophysiological and FSCV data at optimal scan rates
and minimal acquisition delay, making it possible to study
presynaptic and post-synaptic neural activity more effectively.
The proposed hardware and post-processing advancements aim
to provide deeper insights into neural activity and brain function
and the integration of on-board digital signal processing devices
will enhance the suitability of acquisition technologies for
neurological studies.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

References

Allen, G. L, and Toyama, K. (1973). An automatic DC-level compensation circuit for
electrophysiology. IEEE Trans. Biomed. Eng. BME- 20 (1), 58-60. doi:10.1109/TBME.
1973.324255

Asis, E. D. de, Leung, J., Wood, S., and Nguyen, C. V. (2010). Empirical study of
unipolar and bipolar configurations using high resolution single multi-walled carbon
nanotube electrodes for electrophysiological probing of electrically excitable cells.
Nanotechnology 21 (12), 125101. doi:10.1088/0957-4484/21/12/125101

Barath, A. S., Rusheen, A. E., Rojas Cabrera, J. M., Price, J. B., Owen, R. L., Shin, H.,
et al. (2020). Hypoxia-associated changes in striatal tonic dopamine release: real-time in
vivo measurements with a novel vnltammetry technique. Front. Neurosci. 14, 869.
d0i:10.3389/fnins.2020.00869

Belitski, A., Panzeri, S., Magri, C,, Logothetis, N. K,, and Kayser, C. (2010). Sensory
information in local field potentials and spikes from visual and auditory cortices: time scales
and frequency bands. J. Comput. Neurosci. 29 (3), 533-545. doi:10.1007/s10827-010-0230-y

Belle, A. M., Owesson-White, C., Herr, N. R,, Carelli, R. M., and Wightman, R. M.
(2013).  Controlled iontophoresis coupled with fast-scan cyclic voltammetry/

electrophysiology in awake, freely moving animals. ACS Chem. Neurosci. 4 (5),
761-771. doi:10.1021/cn400031v

Frontiers in Signal Processing

10.3389/frsip.2023.1195800

Author contributions

KB, KL, YO, HS, and AA conceptualized the study. AA
conducted experiments and collected the data. AA and CB
drafted the first manuscript. KB, CB, WD, DE, and KL developed
the device. WD, DE, YO, HS, and JB configured circuitry and
software. CB, HS, KL, and YO designed the analyses. AA, AG,
AR, HS, and JY conducted the analyses. AA, KB, KL, YO, and CD
generated and revised figures. KL, KB, CB, HS, and YO supervised all
aspects of the work. All authors contributed to the article and
approved the submitted version.

Funding

This research was supported by the National Institutes of Health,
NIH RO1 NS112176,  NS129549,  R42NS125895,  and
1F30MH131254 awards. Training grant funding for AR was
supported by the NIH F31NS115202-01A1, NIH R25GM055252-23,
NIH TL1TR002380-03, and NIH T32GM065841-17.

Conflict of interest

The authors and Mayo Clinic have a Financial Conflict of
Interest in technology used in the research and that the authors
and Mayo Clinic may stand to gain financially from the successful
outcome of the research.

The authors JY and HS declared that they were an editorial
board member of Frontiers at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Buzsaki, G., Anastassiou, C. A., and Koch, C. (2012). The origin of extracellular fields
and currents—EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13 (6), 407-420. doi:10.
1038/nrn3241

Cabrera, J. M. R, Price, J. B., Rusheen, A. E., Goyal, A, Jondal, D., Barath, A. S, et al.
(2020). Advances in neurochemical measurements: a review of biomarkers and devices
for the development of closed-loop deep brain stimulation systems. Rev. Anal. Chem. 39
(1), 188-199. doi:10.1515/revac-2020-0117

Cheer, J. F.,, Heien, M. L. A. V., Garris, P. A, Carelli, R. M., and Wightman, R. M.
(2005). Simultaneous dopamine and single-unit recordings reveal accumbens
GABAergic responses: implications for intracranial self-stimulation. Proc. Natl.
Acad. Sci. 102 (52), 19150-19155. doi:10.1073/pnas.0509607102

Clark, J. J., Sandberg, S. G., Wanat, M. J., Gan, J. O, Horne, E. A,, Hart, A. S, et al.
(2010). Chronic microsensors for longitudinal, subsecond dopamine detection in
behaving animals. Nat. Methods 7 (2), 126-129. doi:10.1038/nmeth.1412

Corrigan, T., and Goggin, R. (2004). CMOS switches offer high performance in low
power, wideband applications | analog devices. https://www.analog.com/en/technical-
articles/cmos-switches-offer-high-performance-in-low-power-wideband-applications.
html.

frontiersin.org


https://doi.org/10.1109/TBME.1973.324255
https://doi.org/10.1109/TBME.1973.324255
https://doi.org/10.1088/0957-4484/21/12/125101
https://doi.org/10.3389/fnins.2020.00869
https://doi.org/10.1007/s10827-010-0230-y
https://doi.org/10.1021/cn400031v
https://doi.org/10.1038/nrn3241
https://doi.org/10.1038/nrn3241
https://doi.org/10.1515/revac-2020-0117
https://doi.org/10.1073/pnas.0509607102
https://doi.org/10.1038/nmeth.1412
https://www.analog.com/en/technical-articles/cmos-switches-offer-high-performance-in-low-power-wideband-applications.html
https://www.analog.com/en/technical-articles/cmos-switches-offer-high-performance-in-low-power-wideband-applications.html
https://www.analog.com/en/technical-articles/cmos-switches-offer-high-performance-in-low-power-wideband-applications.html
https://www.frontiersin.org/journals/signal-processing
https://www.frontiersin.org
https://doi.org/10.3389/frsip.2023.1195800

Avula et al.

Dei, A., and Valle, M. (2006). Modelling charge injection in MOS analogue switches using a
compact model in a deep submicron technology. Circuits, Devices Syst. IEE Proc. - 153,
269-273. doi:10.1049/ip-cds:20045088

De Man, H. J,, Vanparys, R. A,, and Cuppens, R. (1977). A low input capacitance
voltage follower in a compatible silicon-gate MOS-bipolar technology. IEEE ]. Solid-
State Circuits 12 (3), 217-222. doi:10.1109/JSSC.1977.1050881

Fitzgerald, P. J., and Watson, B. O. (2019). In vivo electrophysiological recordings of
the effects of antidepressant drugs. Exp. Brain Res. 237 (7), 1593-1614. doi:10.1007/
500221-019-05556-5

Gold, C., Henze, D. A., Koch, C., and Buzsiki, G. (2006). On the origin of the
extracellular action potential waveform: a modeling study. J. Neurophysiology 95 (5),
3113-3128. doi:10.1152/jn.00979.2005

Gomez-Aguilar, J. F.,, Atangana, A., and Morales-Delgado, V. F. (2017). Electrical
circuits RC, LC, and RL described by Atangana-Baleanu fractional derivatives. Int.
J. Circuit Theory Appl. 45 (11), 1514-1533. doi:10.1002/cta.2348

Kajikawa, Y., and Schroeder, C. E. (2011). How local is the local field potential?
Neuron 72 (5), 847-858. doi:10.1016/j.neuron.2011.09.029

Keithley, R. B., Takmakov, P., Bucher, E. S., Belle, A. M., Owesson-White, C. A., Park,
J., et al. (2011). Higher sensitivity dopamine measurements with faster-scan cyclic
voltammetry. Anal. Chem. 83 (9), 3563-3571. d0i:10.1021/ac200143v

Kim, D. H., Oh, Y., Shin, H., Blaha, C. D., Bennet, K. E., Lee, K. H., et al. (2014).
Investigation of the reduction process of dopamine using paired pulse voltammetry.
J. Electroanal. Chem. 717-718, 157-164. doi:10.1016/j.jelechem.2014.01.020

Kim, D. H., Oh, Y., Shin, H., Park, C., Blaha, C. D., Bennet, K. E., et al. (2018). Multi-
waveform fast-scan cyclic voltammetry mapping of adsorption/desorption kinetics of
biogenic amines and their metabolites. Anal. Methods 10 (24), 2834-2843. doi:10.1039/
C8AY00352A

Kim, K., Voroslakos, M., Seymour, J. P., Wise, K. D., Buzsaki, G., and Yoon, E. (2020).
Artifact-free and high-temporal-resolution in vivo opto-electrophysiology with
microLED optoelectrodes. Nat. Commun. 11 (1), 2063. Article 1. doi:10.1038/
541467-020-15769-w

Kolpakova, J., Vinne, V. van der, Gimenez-Gomez, P., Le, T., and Martin, G. E. (2022).
Binge alcohol drinking alters the differential control of cholinergic interneurons over
nucleus accumbens D1 and D2 medium spiny neurons. (p. 2022.06.22.497229). bioRxiv.
doi:10.1101/2022.06.22.497229

Lempka, S. F,, and McIntyre, C. C. (2013). Theoretical analysis of the local field
potential in deep brain stimulation applications. PLOS ONE 8 (3), €59839. doi:10.1371/
journal.pone.0059839

Li, C.-L., and Jasper, H. (1953). Microelectrode studies of the electrical activity of the
cerebral cortex in the cat. J. Physiology 121 (1), 117-140. doi:10.1113/jphysiol.1953.
sp004935

Mabilde, C. (1974). A dual gate MOS-field effect transistor for use as voltage follower
in electrophysiology. Pfliigers Arch. 348 (4), 353-355. doi:10.1007/BF00589224

Mazzatenta, A., Giugliano, M., Campidelli, S., Gambazzi, L., Businaro, L., Markram,
H., et al. (2007). Interfacing neurons with carbon nanotubes: electrical signal transfer

Frontiers in Signal Processing

10

10.3389/frsip.2023.1195800

and synaptic stimulation in cultured brain circuits. J. Neurosci. 27 (26), 6931-6936.
doi:10.1523/JNEUROSCI.1051-07.2007

Nair, J., Klaassen, A.-L., Arato, J., Vyssotski, A. L., Harvey, M., and Rainer, G. (2017a).
Basal forebrain contributes to default mode network regulation | PNAS. https://www.
pnas.org/doi/full/10.1073/pnas.1712431115.

Nair, J., Klaassen, A.-L., Arato, J., Vyssotski, A. L., Harvey, M., and Rainer, G. (2017b).
bf-1 (basal forebrain 1)—CRCNS.org. http://crens.org/data-sets/bf/bf-1.

Nukitram, J., Cheaha, D., and Kumarnsit, E. (2021). Spectral power and theta-gamma
coupling in the basolateral amygdala related with methamphetamine conditioned place
preference in mice. Neurosci. Lett. 756, 135939. doi:10.1016/j.neulet.2021.135939

Oh, Y, Kim, D. H,, Shin, H., Park, C,, Chang, S. Y., Blaha, C. D,, et al. (2015).
Optimization of paired pulse voltammetry using sawhorse waveform. Int.
J. Electrochem. Sci. 10 (12), 10061-10073. doi:10.1016/s1452-3981(23)11242-9

Oh, Y., Park, C, Kim, D. H,, Shin, H., Kang, Y. M., DeWaele, M., et al. (2016).
Monitoring in vivo changes in tonic extracellular dopamine level by charge-balancing
multiple waveform fast-scan cyclic voltammetry. Anal. Chem. 88 (22), 10962-10970.
doi:10.1021/acs.analchem.6b02605

Parent, K. L., Hill, D. F.,, Crown, L. M., Wiegand, J.-P., Gies, K. F., Miller, M. A,, et al.
(2017). Platform to enable combined measurement of dopamine and neural activity.
Anal. Chem. 89 (5), 2790-2799. doi:10.1021/acs.analchem.6b03642

Puthongkham, P., and Venton, B. J. (2020). Recent advances in fast-scan cyclic
voltammetry. Analyst 145 (4), 1087-1102. doi:10.1039/C9AN01925A

Razavi, B. (2015). The bootstrapped switch [A circuit for all seasons]. IEEE Solid-State
Circuits Mag. 7 (3), 12-15. doi:10.1109/MSSC.2015.2449714

Shieh, J.-H., Patil, M., and Sheu, B. J. (1987). Measurement and analysis of charge
injection in MOS analog switches. IEEE J. Solid-State Circuits 22 (2), 277-281. doi:10.
1109/]JSSC.1987.1052713

Shin, H., Lee, S.-Y., Cho, H.-U., Oh, Y., Kim, I. Y., Lee, K. H., et al. (2019). Fornix
stimulation induces metabolic activity and dopaminergic response in the nucleus
accumbens. Front. Neurosci. 13, 1109. doi:10.3389/fnins.2019.01109

Takmakov, P., McKinney, C. J,, Carelli, R. M., and Wightman, R. M. (2011).
Instrumentation for fast-scan cyclic voltammetry combined with electrophysiology
for behavioral experiments in freely moving animals. Rev. Sci. Instrum. 82 (7), 074302.
doi:10.1063/1.3610651

Tiwari, A., and Talwekar, R. H. (2020). Analysis and mathematical modelling of charge
injection effect for efficient performance of CMOS imagers and CDS
circuit—Tiwari—2020—IET Circuits. Devices & Systems—Wiley Online Library.

Venton, B. J., and Cao, Q. (2020). Fundamentals of fast-scan cyclic voltammetry for
dopamine detection. Analyst 145 (4), 1158-1168. doi:10.1039/C9AN01586H

Wegmann, G., Vittoz, E. A,, and Rahali, F. (1987). Charge injection in analog
MOS switches. IEEE ]. Solid-State Circuits 22 (6), 1091-1097. doi:10.1109/JSSC.
1987.1052859

Yu, J. (2010). Charge Injection and clock feedthrough [master of science. San Jose, CA,
United States: San Jose State University. doi:10.31979/etd.uss3-xrf5

frontiersin.org


https://doi.org/10.1049/ip-cds:20045088
https://doi.org/10.1109/JSSC.1977.1050881
https://doi.org/10.1007/s00221-019-05556-5
https://doi.org/10.1007/s00221-019-05556-5
https://doi.org/10.1152/jn.00979.2005
https://doi.org/10.1002/cta.2348
https://doi.org/10.1016/j.neuron.2011.09.029
https://doi.org/10.1021/ac200143v
https://doi.org/10.1016/j.jelechem.2014.01.020
https://doi.org/10.1039/C8AY00352A
https://doi.org/10.1039/C8AY00352A
https://doi.org/10.1038/s41467-020-15769-w
https://doi.org/10.1038/s41467-020-15769-w
https://doi.org/10.1101/2022.06.22.497229
https://doi.org/10.1371/journal.pone.0059839
https://doi.org/10.1371/journal.pone.0059839
https://doi.org/10.1113/jphysiol.1953.sp004935
https://doi.org/10.1113/jphysiol.1953.sp004935
https://doi.org/10.1007/BF00589224
https://doi.org/10.1523/JNEUROSCI.1051-07.2007
https://www.pnas.org/doi/full/10.1073/pnas.1712431115
https://www.pnas.org/doi/full/10.1073/pnas.1712431115
http://crcns.org/data-sets/bf/bf-1
https://doi.org/10.1016/j.neulet.2021.135939
https://doi.org/10.1016/s1452-3981(23)11242-9
https://doi.org/10.1021/acs.analchem.6b02605
https://doi.org/10.1021/acs.analchem.6b03642
https://doi.org/10.1039/C9AN01925A
https://doi.org/10.1109/MSSC.2015.2449714
https://doi.org/10.1109/JSSC.1987.1052713
https://doi.org/10.1109/JSSC.1987.1052713
https://doi.org/10.3389/fnins.2019.01109
https://doi.org/10.1063/1.3610651
https://doi.org/10.1039/C9AN01586H
https://doi.org/10.1109/JSSC.1987.1052859
https://doi.org/10.1109/JSSC.1987.1052859
https://doi.org/10.31979/etd.uss3-xrf5
https://www.frontiersin.org/journals/signal-processing
https://www.frontiersin.org
https://doi.org/10.3389/frsip.2023.1195800

	Improved circuitry and post-processing for interleaved fast-scan cyclic voltammetry and electrophysiology measurements
	1 Introduction
	2 Materials and methods
	2.1 Electrode fabrication
	2.2 Experimental apparatus
	2.3 Input electrophysiology data
	2.4 Data acquisition
	2.4.1 Electrophysiology
	2.4.2 Fast-scan cyclic voltammetry
	2.4.3 Synchronizing acquisition circuitry

	2.5 Data analysis and post-processing
	2.5.1 Voltage artifact characterization and removal
	2.5.2 Quantification of acquisition delay due to charge injection voltage artifacts

	2.6 Validation of interleaved FSCV and electrophysiology

	3 Results
	3.1 Effect of voltage follower in electrophysiology acquisition circuitry
	3.2 Effect of charge injection characterization and subtraction
	3.3 Validation of interleaved FSCV and electrophysiology

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


