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Abstract— Dopamine constitutes a significant portion of the 

catecholamine content in the brain and plays a distinct role in 

neuromodulation including directing motor control, motivation, 

reward, and cognitive function. For future neuroprobe 

technology, not only is simultaneous high-density neurochemical 

recording vital, temporal resolution plays a key part in the roles of 

the spatiotemporal distributions of catecholamines in the brain. In 

this work, we present a new probe design that contains a 256 

microelectrode array with an integrated 256 transimpedance 

amplifier array capable of both amperometry and fast-scan cyclic 

voltammetry. Each amplifier in the array is capable of both modes 

of electrochemical detection with three gain settings for the 

voltammetry mode and occupies an area of 60 μm × 60 μm. The 

new probe enables a high-resolution spatiotemporal mapping of 

neurochemicals in the brain.  

Keywords—biosensors, electrochemical devices, fast-scan cyclic 

voltammetry, microelectrodes, neurochemical 

I. INTRODUCTION 

Dopamine constitutes approximately 80% of the 
catecholamine content in the brain and its heterogeneous spatial 
and temporal distribution in the brain plays distinct roles in 
neuromodulation including directing motor control, motivation, 
reward, and cognitive function [1]–[4]. Traditional carbon fiber 
electrode (CFE) electrochemical techniques can measure 
neurochemical signaling with sufficient temporal resolution, 
however, there are significant challenges toward increasing the 
density of electrodes, and therefore are limited toward spatial 
mapping. Alternatively, fMRI, fNIRS, and two-photon imaging 
are capable of high spatial resolution, but have low temporal 
resolution due to the slow kinetics of indicators and low frame 
acquisition rates [5], [6]. As we are only beginning to understand 
the complex spatiotemporal distribution of dopamine 
innervation in the brain, there is a developing need for updated 
neurotechnology that can map distributed neurochemicals both 
spatially and temporally. 

For neurochemical detection, the electrochemical techniques 
amperometry and fast-scan cyclic voltammetry (FSCV) are 
used. Amperometry is an electrochemical technique that detects 
electroactive molecules by the oxidation phenomenon, where a 
molecule releases an electron to the electrode if its oxidation 
potential has been reached. Although this technique has 

excellent temporal resolution, it is commonly performed at a 
fixed potential and cannot differentiate distinct species of 
molecules. However, FSCV is performed with a cyclic potential 
and can differentiate species of molecules as the oxidation and 
reduction, the opposing counterpart to oxidation, 
electrochemical phenomena create unique signal signatures with 
the tradeoff of reduced temporal resolution. For future 
neuroprobe technology, not only is simultaneous high-density 
neurochemical recording vital, temporal resolution plays a key 
part in studying the dynamics of synaptic transmission and 
neurochemical species differentiation is vital to understanding 
the roles of the various catecholamines in the brain. 

Recent technologies have been developed to provide the 
desired enhanced temporal and spatial resolution for 
electrochemical detection techniques using scalable CMOS 
technology.  An array of 32 × 32 pixels capable of cyclic 
voltammetry (CV) has demonstrated its capability to detect 
DNA loop structures [7]. A device with 8192 electrodes and 64 
readout channels, capable of amperometry and CV, has been 
demonstrated to successfully image electrochemical activity 
from a murine adrenal slice [8]. A device with 16 × 64 sensors 
capable of CV and amperometry has demonstrated the capacity 
for consistent results across the array for ferricyanide detection 
[9]. A device with 32 × 32 sensors that is capable of 
amperometry and CV has demonstrated its capability to record 
and characterize single secretion events from neuronal model 
cells, pheochromocytoma [10], [11]. Despite the advances 
achieved by these devices, they are not yet appropriate for in 
vivo probing of the deep-brain areas, such as the nucleus 
accumbens. It may be possible to interface each electrode in 
these high-density devices with external probes, but this 
introduces a complex wiring scheme to connect 100s of 
electrodes for high resolution mapping. 

In this work, we present a new design that contains a 256 
microelectrode array (MEA) with an integrated 256 amplifier 
array capable of amperometry and FSCV, which has been 
strategically developed to become a monolithic in vivo 
neuroprobe (Fig. 1). The presented amplifier has been modified 
from a previous design [12], [13] and now has a larger current 
dynamic range for FSCV. FSCV has voltage scan rates that can 
range from 200 – 1000 V/s, and this creates significant 
background current on the scale of 100s of nAs. The tradeoff for 
this larger background current is that similar concentrations of a This work was supported by the National Science Foundation (NSF) 
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molecule generate a larger current as the scan rates increase. The 
previous design was an integrating transimpedance amplifier 
(TIA) design, wherein the output voltage of the amplifier is 
directly related to the magnitude of the input current that 
integrates onto a capacitor. The simplest way to increase the 
dynamic range would be to increase the integrating capacitor’s 
capacitance, but this approach comes with nontrivial area 
requirements for FSCV level currents. In the approach 
presented, we use a current mirror that reduces the current from 
the electrode before it is integrated onto the integrating 
capacitor. In addition to the modified amplifier design, the 
strategic layout enables a shank shape to be etched out through 
post-CMOS processing, thus providing a high-density 
monolithic in vivo neuroprobe (Fig. 1). 

II. HIGH-DENSITY NEURAL PROBE 

A high-density 256-ch neurochemical probe is developed 
that can operate parallel FSCV and amperometry from all 
electrodes for in vivo neurochemical imaging (Fig. 1). The 
presented probe is a monolithic probe design where the MEA is 
placed at of one extreme of the chip and the amplifier array is 
placed at the other extreme (Fig. 1b). This strategic layout of the 
electrode and amplifier arrays enables future post-CMOS 
processing to etch out a shank shape for in vivo brain 
implantation. 

A. Design of Neurochemical Probe 

 The presented device was fabricated in a standard 0.35 µm 
CMOS process. The size of the chip is 10 mm × 3.4 mm, and the 
probe body is ~1.5 mm long, permitting a shank of ~8.5mm. The 
MEA is oriented in a 4 × 64 array to limit the width of the shank 
and each electrode is connected to a dedicated amplifier in the 8 
× 32 amplifier array (Fig. 1c). Each column of amplifiers, 
containing 32 TIAs, is connected to its own dedicated 
multiplexer and output driver, thus reducing the 256 
neurochemical sensors to 8 parallel outputs (Fig. 1c). 

 The designed TIA occupies an area of 60 μm × 60 μm, and 
is capable of both amperometry and the newly introduced FSCV 
mode of neurochemical sensing [12], [13]. When input CVon is 
low, the TIA is operating in amperometry mode as M8 cuts off 
the current path for transistors M9 – M15, which constitute the 
elements enabling FSCV mode (Fig. 2). In amperometry mode, 
the current from the electrode and M1 are integrated onto 
capacitor Cint, creating a current dependent voltage output that 
is read through the multiplexer that is enabled with transistors 
M5 – M7 where amplifiers throughout a column are selected 
based on the RowSelect input on transistor M6. At the end of the 
current integration cycle, the voltage at the bottom plate of Cint 
is readout and the reset transistor M4 restarts the integration 
cycle. For FSCV mode, the input CVon is high, thus transistor 
M3 prevents the reset of capacitor Cint and current is redirected 
to M9 – M15. Transistors M9 – M13 constitute a current mirror 
that attenuates the amplitude of current that is integrated onto 
the pMOS capacitor M15. The dimensions of M10 relative to 
M13 are 20:1 and M12 to M13 are 10:1. This enables three 
levels of current attenuation for FSCV mode, 30:1, 20:1, and 
10:1 based on the settings for the inputs CVG0 and CVG1. The 
principal of current integration is similar to amperometry mode, 
wherein the current is integrated onto the gate connection of 
M15, the MOS capacitor for FSCV mode, creates a current 
dependent voltage output that is read through multiplexer 
transistors M16 – M18. At the end of the FSCV integration 
cycle, transistor M13 pulls the voltage of the pMOS cap’s gate 
to a lower potential to remain in the linear region of capacitor 
operation for M15. The presented TIA design is not inherently 
capable of bipolar current measurement, which is vital for FSCV 
measurements. To enable bipolar measurement, transistor M1 
sets a DC current point wherein current that is sourced or sunk 
from the electrode, due to either reduction or oxidation, can be 
detected as a change from the steady state setting of Ical [10]. 

Figure 1. High-density neural probe design. (a) For monolithic in vivo neurochemical sensing, a shank contains neurochemical sensors at the tip and connects to 
integrated amplifiers at the body of the probe. (b) Microphotograph of the designed CMOS chip for in vivo neurochemical sensing. An array of 256 electrodes is

located at one extreme of the silicon substrate and the integrated amplifier array and interfacing wirebonds are located at the other extreme of the substrate. The 

electrodes have a pitch of 20 μm and the amplifiers in the body occupy an area of 60 μm × 60 μm. (c) Each electrode is connected to a dedicated amplifier. The 
array of amplifiers is arranged in 8 columns and 32 rows, and each column of amplifiers is multiplexed, reducing the output of 256 neurochemical signals to 8 

parallel data streams.  
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B. Neurochemical Amplifier Characteristics 

The performance characteristics for amperometry mode of 

the TIA have been explored in previous publications [12], [13]. 

The TIA exhibits ~0.4 pARMS at a 10 kHz sampling rate and has 

been shown to resolve single neurochemical secretion events 

from cells [12]. 

To characterize the new FSCV mode, the input current to 

output voltage gain throughout the amplifier’s dynamic range 

is examined at a 40 kHz sampling rate. This output voltage vs 

input current curve is measured by applying known current 

through transistor M1 into the TIA and measuring the output 

voltage of the amplifier. A gain calibration curve for the change 

in output voltage vs input current was recorded for each gain 

setting and each setting exhibits excellent linearity (Fig. 3) with 

coefficients of determination, R2, of 0.993 ± 0.004 (mean ± 

SD), 0.984 ± 0.006 (mean ± SD),  and 0.993 ± 0.006 (mean ± 

SD) for settings 30:1, 20:1, and 10:1 respectively. The current-

to-voltage gain is -1.50 ± 0.09 mV/nA (mean ± SD), -2.80 ± 

0.15 mV/nA (mean ± SD), and -4.27 ± 0.27 mV/nA (mean ± 

SD) for settings 30:1, 20:1, and 10:1 respectively. Additionally, 

the noise of the TIA is ~2.42 nARMS, ~1.96 nARMS, and ~0.859 

nARMS for settings 30:1, 20:1, and 10:1 respectively (Fig. 4). 

C. Post-CMOS Processing 

A platinum MEA is integrated onto the CMOS chip through 

photolithography processing as previously described [11]. A 

sacrificial layer of negative photoresist is first developed on the 

surface of the chip. Platinum is then deposited by a sputtering 

machine (200 nm) and the sacrificial layer of photoresist is 

removed, patterning the platinum electrodes. Silicon dioxide is 

then deposited on top of the platinum electrodes (300 nm) and 

etched to provide a passivation layer to the electrodes, which 

creates an effective electrode area of 5 μm in diameter. This 

electrode passivation enables single neurochemical secretion 

events resolution in amperometry mode by limiting the double-

layer capacitance, which is directly influenced by the area of 

the electrode-electrolyte interface, and thus improves the noise 

performance of the TIAs [11]. 

III. FSCV ELECTROCHEMICAL DETECTION 

The amperometric electrochemical detection capability of 
the TIA have been previously presented for single secretion 
events [11], [12]. Despite the excellent temporal resolution of 
amperometry, for in vivo differentiation of various 
neurochemical species, the newly introduced FSCV mode of 
electrochemical detection is necessary. From FSCV 
measurements, a unique signature reveals the composition of 

Figure 2. Neurochemical transimpedance amplifier design capable of amperometric and FSCV electrochemical measurements. The amplifier switches between 

amperometry mode and FSCV mode based on the input CVon. To enable bipolar current measurement, vital for cyclic voltammetry, transistor M1 can establish 

a DC current that is measured and the sourced or sunk current due to molecule oxidation or reduction, respectively, at the electrode is recorded as deviations from 

this DC setting.  

Figure 3. Cain calibration for FSCV mode. (a) Output voltage vs input current 

gain curves. Each gain setting exhibits excellent linearity throughout the 
dynamic range of the calibration curve (average R2 is 0.993, 0.984, and 0.993 

for settings 30:1, 20:1, and 10:1 respectively). (b) Histogram of the current-to-

voltage gain of each TIA. The average gain values are -1.50 mV/nA, -2.80 
mV/nA, and -4.27 mV/nA for settings 30:1, 20:1, and 10:1 respectively 

 

Figure 4. Noise performance of the TIA in FSCV mode at a 40 kHz sampling 

rate. (a) Noise spectral densities of the TIA at each gain setting (b) Noise of the 
TIA in the time domain. The noise of the amplifier is ~2.42 nARMS, ~1.96 

nARMS, and ~0.859 nARMS for settings 30:1, 20:1, and 10:1 respectively 
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electroactive molecules as different peaks in the captured 
current signal which are directly related to the oxidation and 
reduction potentials of a molecule as the electrode’s potential 
sweeps through a voltage range. 

The neurochemical probe is tested using ferrocyanide. For 
the FSCV electrochemical setup, an Ag|AgCl reference 
electrode is placed into the saline solution and is held at a 
potential of 0.7 V. The electrode potential, applied to node Vpos 
(Fig. 2), is swept from 0.2 to 1.7 V at a rate of 300 V/s and is 
repeated every 100 ms, providing a redox potential from -0.5 to 
1.0 V. 

A baseline FSCV recording is acquired by placing the 
electrodes into phosphate-buffered saline (PBS) solution. This 
resulting voltammogram reveals the capacitive and resistive 
current from the electrodes (Fig. 5a). Then the electrodes are 
placed into PBS solution that contains 10 μM of ferrocyanide. 
We can see a change in the recorded signal as a positive current 
peak (oxidation) at +0.31 V and a negative current peak 
(reduction) at -0.28 V (Fig. 5a). To better view only the 
oxidation and reduction current from the ferrocyanide 
molecules, we can subtract the background current from the 
recording with background and electrochemical currents. 
Background-subtracted voltammograms highlight the redox 
current of the molecule(s), ferrocyanide in this case, which are 
present at the electrode (Fig. 5b). At the oxidation (+0.31 V) and 
reduction (-0.28 V) potentials, the TIA measured 
electrochemical currents of ~+117 nA and ~-115nA respectively 
due to the ferrocyanide molecules present in the PBS. 

IV. CONCLUSION 

The presented high-density 256-ch neurochemical probe has 
been developed for in vivo neurochemical detection. The 
capability of the newly integrated FSCV mode has been 
characterized and demonstrated successful measurement of an 
electroactive molecule, ferrocyanide. Having both 
electrochemical detections methods provide excellent temporal 
resolution of fast neurochemical secretion events (amperometry) 
as well as sensitivity to low concentrations, ranging as low as 
10s of nM, and differentiation of various electroactive 

neurochemicals in the brain (FSCV). By integrating these dual 
modes of detection with a large 256 electrode array, we will 
enable unprecedented levels of parallel neurochemical mapping 
with enhanced spatial, temporal, and concentration sensitivity. 

V. DISCUSSION 

The future goal of this neurotechnology is to complete the 
post-CMOS processing procedure to etch out a shank from the 
CMOS chip for in vivo implantation. The currently explored 
approach to achieve an implantable probe is by exploring 
photolithographic processes combined with deep reactive ion 
etching [14]–[18]. Additionally, work must be done to 
characterize and catalog the different signal signatures of 
electroactive molecules to our system so that we can identify and 
quantify substances that are present in the brain.  
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