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Abstract
Carbon fiber microelectrodes (CFMEs) have been extensively used to measure neurotransmitters with fast-scan cyclic voltamm-
etry (FSCV) due to their ability to adsorb cationic monoamine neurotransmitters. Although FSCV, in tandem with CFMEs,
provides high temporal and spatial resolution, only single-channel potentiostats and electrodes have been primarily utilized.More
recently, the need and use of carbon fiber multielectrode arrays has risen to target multiple brain regions. Previous studies have
shown the ability to detect dopamine using multielectrode arrays; however, they are not readily available to the scientific
community. In this work, we interfaced a carbon fiber multielectrode array (MEA or multielectrode array), to a commercially
available four-channel potentiostat for multiplexing neurochemical measurements. The MEA’s relative performance was com-
pared to single CFMEs where dopamine detection was found to be adsorption controlled to the electrode’s surface. Multiple
waveforms were applied to each fiber of the multielectrode array simultaneously to detect different analytes on each electrode of
the array. A proof of concept ex vivo experiment showed that the multielectrode array could record redox activity in different
areas within the mouse caudate putamen and detect dopamine in a 3-mm2 area. To our knowledge, this is the first use of the
multielectrode array paired with a commercially available multichannel potentiostat for multi-waveform application and neuro-
transmitter co-detection. This novel array may aid in future studies to better understand complex brain heterogeneity, the dynamic
neurochemical environment, and how disease states or drugs affect separate brain areas concurrently.
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Introduction

Carbon fiber microelectrodes (CFMEs) have been extensively
used for neurochemical detection. These electrodes are rela-
tively small in size with a < 10-μm diameter and have low
impedance in comparison to metal microelectrodes [1]. They
are biocompatible with well-characterized electrochemical
properties that make them ideal for biological sensing

applications [2, 3]. CFMEs can be easily batch constructed
in most lab settings and can be used to make rapid measure-
ments of neurotransmitters (NTs) when used in tandem with
the analytical technique, fast-scan cyclic voltammetry (FSCV)
[4]. FSCV was first developed by Millar in the late 1970s and
expanded by Wightman et al. with the use of carbon micro-
electrodes [5]. This technique allows for application of high
sampling rates onto CFMEs to measure redox kinetics of neu-
rotransmitters, nucleotides, and even neuropeptides [3, 6–8].
CFMEs are highly efficacious for making measurements in
brain slices ex vivo and in vivo in anesthetized animals.
These electrodes do not elicit an immune response when
chronically implanted and their small size mitigates tissue
damage [9]. With fast, subsecond temporal and spatial resolu-
tion, CFMEs are used with FSCV to monitor the dynamics of
neurotransmitter release and reuptake [10]. The shape and
current peak positions of the resulting cyclic voltammogram
(CV) serve as a fingerprint for biomolecule detection and fa-
cilitate the differentiation of analytes. Neurotransmitters such
as dopamine (DA) [11], as well as the indoleamine serotonin
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(5-HT) [12, 13], have been detected using FSCV and CFMEs.
However, as these NTs are not solely found within a singular
region, brain sensors must be able to co-detect NTs inmultiple
areas simultaneously.

To target multiple brain areas simultaneously, metal elec-
trodes have been used; however, such electrodes are limited to
measuring electrical activity or performing electrical stimula-
tion. Moreover, metal microelectrode arrays have limited ap-
plicability as neurotransmitter sensors. They have been known
to elicit an immune response when chronically implanted and
have lower overpotentials for water oxidation. To counter
some of these drawbacks and enhance functionality as biosen-
sors, metal electrodes have also been electrodeposited with
conductive carbon-based polymer coatings to increase bio-
compatibility and longevity of recording capabilities [14].
Polymers, such as PEDOT, carbon nanotubes (CNTs) [15],
and Nafion [16], an anionic, cation exchange polymer, have
been electrodeposited onto metal surfaces for increased selec-
tivity [17–19]. More recently, metal microelectrodes modified
with CNTs [20] and carbon nanospikes [21] have also been
used as neurotransmitter sensors with FSCV in addition to
using gold-based multielectrodes arrays [22]. Although these
coated metal arrays show promise in vivo, it is often difficult
to deposit thin and uniform carbon coatings onto metal elec-
trode surfaces [23]. Further development requires electrodes
with carbonaceous surfaces to enable neurotransmitter adsorp-
tion and subsequent oxidation where various regions can be
studied concurrently.

More recently, researchers have developed multielectrode
arrays and multichannel potentiostats for multiple channels of
detection [24]. For example, carbon-based arrays have been
developed with multiple protruding fibers embedded into a
single array [25]. In some fabrications, eight-channel [26]
and 16-channel [24, 27] electrodes have been used to detect
dopamine across all available channels. This newer technology
aids in reducing the physical foot print of the implantable array,
minimizing immune inflammatory responses, and the ability to
spatially sample dopamine [24]. These advanced sensors have
also been implanted in non-human primates for long-term re-
cording in multiple striatal sites [28]. Additionally, dopamine
measurements using such arrays can be paired with electro-
physiology in rats in a multi-faceted approach to measure neu-
ronal activity [29]. These novel electrodes are currently
engineered in research laboratories, but are limited to public
use by the accompanying hardware [30, 31].

Here, we developed a novel use for the carbon fiber multi-
electrode array (MEA). This MEA has four separate fibers
protruding from a custom printed, polyimide circuit board.
The carbon fibers are reinforced with a layer of Parylene C
and soldered to a head stage [27]. Although currently limited
to four channels, this multielectrode array is able to make
simultaneous measurements spatially resolved and with the
capability to apply four separate waveforms onto each fiber

when paired with a commercially available potentiostat from
Pine Research (WaveNeuro FSCV multichannel potentiostat)
and High Definition Cyclic Voltammetry (HDCV) software.
Using an Omnetics connector, we interfaced the MEA to the
potentiostat hardware and compared the multielectrode ar-
ray’s selectivity and sensitivity to single CFMEs. Optical
characterization displayed a uniform carbon surface and thin
parylene coating. Dopamine and other biologically relevant
NTs were found to be adsorption controlled to the surface of
the electrode. Additionally, multiple waveforms were applied
to the four different fibers tomultiplex NT detection and target
multiple brain subregions simultaneously. We also performed
proof of principle testing in brain slices. Potassium-stimulated
release of extracellular dopamine was measured in an approx-
imately 3-mm2 area of the mouse caudate putamen. This tech-
nology may help monitor complex brain neurochemistry by
measuring changes in NT concentration concurrently in dif-
ferent brain regions in response to disease and pharmacolog-
ical states in additional to behavioral changes. Additionally,
the availability of commercial hardware will facilitate the ac-
cessibility of these applications on a larger scale.

Materials and methods

CFMEs and chemicals

CFMEs were produced by aspirating a single carbon fiber
(GoodFellow, Huntingdon, England) into a 1.2-mm-diameter
glass capillary tube (1.2–0.68 mm, A-M Systems, Inc.,
Carlsberg, WA) via a vacuum pump (Gast) and pulled to a
fine taper using a pipette puller (PC-100, Narishige Puller,
Narishige Group, Japan). The tapered end was epoxied with
Epon Resin 828 resin (Miller-Stephenson, Morton Grove, IL)
and diethylenetriamine hardener (Fisher Scientific, Waltham,
MA) at a ratio of 3:1 to form a seal and cured in an oven at
125 °C for approximately 4 h. The protruding fiber was
trimmed under a compound microscope to approximately
100 μm in length initially and further trimmed to match the
length of the multielectrode array.

The electrode was backfilled with a 0.1-M KCl and placed
with an electrode holder with a silver wire (Universal Pipette
Holder, Dagan, Minneapolis, MN) that was interfaced with
the Malli Adapter from Pine Research. The electrode was then
placed into the flow cell setup. A 200-A head stage connected
to the holder and then interfaced to a Wave Neuro potentiostat
(Pine Research Instrumentation, Durham, North Carolina). A
manual micromanipulator (WPI, Sarasota, FL) attached to the
flow cell was used to lower the CFME to make consistent
contact with a buffer solution flowing over the electrodes
tip. Artificial cerebrospinal fluid (aCSF) was used as the buff-
er solution and made from the following: 145 mM NaCl,
2.68 mM KCl, 1.40 mM CaCl2·2H2O, 1.01 mM MgSO4·
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7H2O, 15.5mMNa2HPO4, and 0.45mMNaH2PO4·H2O. The
salts were sequentially dissolved into deionized water
(Millipore, Billerica, MA) and the pH adjusted to 7.4.
Similarly, phosphate-buffered saline (PBS) was used as an
alternative buffer consisting of 137 mM NaCl. 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4. The aCSF or PBS
solution was applied over the electrode tip using a 50-mL
syringe (BD, Franklin Lakes, NJ) and the NE-1000 program-
mable syringe pump (New Era Pump Systems Inc.
Farmingdale, NY) with solutions and injected analytes
flowing through the FSCV Flow Cell (Pine Research,
Durham, NC) at a rate of 1 mL/min.

Neurochemicals such DA, 5-HT, and adenosine (Adn)
were purchased from Fisher Scientific and Sigma-Aldrich
(St. Louis, MO). A 10-mM solution of NTs was prepared in
perchloric acid. [3] During the day of an experiment, the 10-
mM stock solution of NT was diluted to a desired concentra-
tion, ranging from 100 nM to 100 μM.

Carbon fiber multielectrode arrays

Carbon fiber multielectrode arrays (abbreviated toMEA)were
obtained from the University ofMichigan and used in the flow
cell in a similar fashion to the CFME [27, 32]. In brief, the
multielectrode array is made up of 4 carbon fibers (T-650/35:
3K, Cytec Thornel, Woodland Park, NJ) arranged in a row,
but can be custom made to fit a variety of different arrange-
ments. Each fiber is spaced approximately 400 to 600 μm
apart, lengthwise, and are cut to a length of approximately
200 μm. These protruding fibers may be trimmed shorter or
left at longer lengths. The distance between the fibers can also
be customized. With this iteration of the multielectrode array,
the horizontal distance between all four fibers was asymmet-
rical. The fibers were attached to a custom printed circuit
board using silver epoxy and the electronics covered in a
protective, insulating epoxy. The exposed fibers were also
coated with Parylene C for support and 45 μm were re-
exposed using 532 nm Karl Suss green laser to uncover the
electroactive carbon fiber microelectrode [27].

Statistics

Statistical data analysis and was completed using Graph Pad
Prism 9 and significance testing performed using Student’s t
test. Figures and illustrations were also made using the same
software.

Tissue extraction

Tissue samples were collected from C57BL/6J in accordance
with IACUC and animal facility protocols at American
University and Protocol #20-04. Mice were housed in 12-h
light and dark cycles and provided food and water ad libitum.

Mice were removed from their home cage one at a time and
placed in an isoflurane chamber for anesthetization. Once re-
flexes were assessed via toe and tail pinch, euthanasia was
completed by cervical dislocation. The head was decapitated,
and tissue cut away using surgical scissors to expose the skull.
Surgical rongeurs were used to quickly peel away the skull
bones to expose and remove the brain. For slice preparation
[33], a coronal cut as made at approximately bregma + 1.0 to
uncover the caudate putamen. Coordinates and anatomical
landmarks were located using Allen Mouse Brain Atlas
(2004) and Franklin and Paxinos Atlas [34, 35]. The brain
slice sample was placed into ice cold aCSF until use.

For tissue sample recording, the set up procedure was
adapted from Papouin and Haydon [36] where a 600-mL plas-
tic beaker was filled with ice cold aCSF solution. Within the
beaker, an empty 50 mL conical tube, with the bottom re-
moved, was superglued to the side. An open bottom petri dish
had nylon hosiery glued to it and also superglued to the beaker
[36]. To oxygenate the buffer and brain tissue, an aquarium air
stone was used to bubble oxygen into the beaker using tubing
and an air pump (Tetra, Blacksburg, VA) [37]. The bubbler
was sufficient for the short duration and small volume size in
this experiment, as previously performed [38]. The beaker
was then placed in an ice bath to maintain a cooler the tem-
perature of the aCSF solution. To performmeasurements from
the tissue, the MEA was lowered by 100 μm into the tissue
sample. After a 30-min equilibrating period, neurochemical
release was elicited by pipetting on 1 μL of 0.1 M KCl near
the MEA via a micropipette.

Multielectrode array setup

From the potentiostat, an adapter was used to connect the four-
channel WaveNeuro to a head stage cable and then to a head
stage coupler. This directly connected to another adapter
which linked the Omnetics head stage on the multielectrode
array to the head stage coupler of the potentiostat. All four-
channel accessories were also purchased from Pine Research
with the exception of the array adapter which linked the
Omnetics head stage to the stage coupler. Images of the setup
can be seen in Fig. 1d and Fig. S1 (see the Supplementary
Information, ESM).

A three-prong extension clamp was inserted into the mi-
cromanipulator arm where clamp was able to hold the multi-
electrode array in place. Using the adjustments knobs on the
micromanipulator, the multielectrode array was lowered into
the flow cell or the brain slice until the oscilloscope showed
the applied waveform on the electrode. For in vitro experi-
ments, 10 min were allotted for equilibrating and 30 min for
the tissue sample. To elicit NT release from the tissue sample,
1μL of 0.1MKCl [39] was pipetted (Eppendorf, Enfield, CT)
onto the surface of the tissue and near the carbon fibers. The
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same software was used to record the CV data. Trials were
repeated until the signal was degraded.

Scanning electron microscopy

SEM images were obtained using a JEOL JSM-IT100 (JEOL,
Tokyo, Japan). Gold sputtering of the MEA was not required
as the protruding carbon and parylene were clearly visible.
The entire array was placed on an SEM sample holder and
secured with carbon tape. The specimen mount was placed
into the SEM stage and the working distance set to 10 mm
and adjusted as needed for focus and resolution. The acceler-
ating voltage was set to 5.0 kV.

Results

Setup and characterization

To connect the MEA to the WaveNeuro Potentiostat, minor
modifications and additional adapters were utilized. As shown
in Fig. 1 and in the ESM, an Omnetics adapter was used to
couple the electrode array to the multichannel potentiostat.

Figure 1a, b shows the custom-made MEA in increasing mag-
nification to visualize the protruding carbon fibers. From the
surface of the array, the full protruding length is approximate-
ly 200 μm (Fig. 1b). Using high-magnification scanning elec-
tron microscopy (SEM), the parylene polymer coating
(Parylene C), observed in a black and white color, was visible
(Fig. 1c). Parylene C provided rigidity and stability by
encasing the carbon fiber. The designated electroactive carbon
fiber surface area was later exposed using laser treatment;
approximately 45 μm in length and ~ 7 μm in diameter.
Figure 1d provides a schematic of how theMEAwas connect-
ed and interfaced to the WaveNeuro FSCV multichannel
potentiostat. An illustration of the schematic is also provided
in ESM Fig. S1. Colored wires (ESM Fig. S1c) were soldered
with silver epoxy to gold pins which connected to the 4-CH
(channel) headstage coupled to the Omnetics array adapter.
This allowed for the MEA to interface with the WaveNeuro
Potentiostat in order to make measurements.

In vitro

Following optical characterization, the MEA (with compara-
ble protruding carbon fiber lengths) was compared to

Fig. 1 (a) The multielectrode array taken by a Samsung camera
(Samsung Note 20 Ultra, 108-MP wide-angle camera). Approximate
scale bar is shown. (b) The four carbon fibers of the multielectrode array
viewed under a light microscope, at 20×magnification. (c) SEM image of
a single fiber of the multielectrode array with a 10-μm scale bar. The

carbon fiber (black) protrudes out, and the white insulating material is
the Parylene C coating. (d) Connection schematic of multielectrode array
showing the separate pieces of hardware that is required for adapting it to
a commercial potentiostat. See ESM Fig. S1 for setup and parts photos
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conventional, single-channel CFMEs with respect to sensitiv-
ity (peak oxidative current) for the detection of dopamine. To
ensure comparable conditions, the single-channel CFME was
further trimmed down to 45 μm to match the protruding
length of the multielectrode array. A triangle a waveform that
scans from − 0.4 to 1.3 V at 400 V/s [40] was applied onto the
electrodes, and sensitivity for DA was determined by detect-
ing 100 nM dopamine. The DA triangle waveform was ap-
plied onto each fiber of the MEA and a single run produced
four separate CVs, corresponding to channels 1 through 4.
The experiments lasted 30 s and DA was injected at the 5-s
mark. The resulting CVs yielded peak oxidation currents at
approximately 0.7 V and a reduction peak at approximately −
0.2 V. Following background subtraction, both electrodes pro-
duced CVs with redox peaks at the appropriate voltages as
seen in the literature [40]. The single-channel CFMEs
(Fig. 2a) and MEAs (Fig. 2b) did not significantly differ in
sensitivity, thus, showing similar performance between the
array and single-channel electrode in measuring dopamine
(Fig. 2c).

In order to determine whether dopamine was adsorption
controlled to the surface of the MEAs, scan rate experiments
were performed. If an analyte is adsorption controlled onto the
surface of the CFME, the peak oxidative current will have a
linear relationship with respect to increasing scan rate [41];
10 μM DA was tested on both electrodes at increasing scan
rates ranging from 50 to 1000 V/s (Fig. 3a, c). Both electrodes
yielded a linear relationship between peak oxidative current
and scan rate, illustrating that dopamine was adsorption con-
trolled [40]. Additionally, the signal response of both elec-
trodes over time was also shown to be stable as observed by
testing over a period of 4 h (Fig. 3b, d). The duration of the
stability experiments was set to 4 h as that is the typical time of
an electrochemical in vivo experiment. Again, using 10 μM
DA, electrodes were applied with the triangle waveform for
four consecutive hours, and DA was injected every hour. A
stable response also showed that the analyte was not polymer-
izing or fouling the electrode surface, which would decrease

sensitivity over time. As previously seen, the multielectrode
array behaved comparably to the CFME and did not have a
significant difference in normalized oxidative current (nA)
over the duration of stability experiments.

Furthermore, in vitro calibration experiments were per-
formed where a concentration range of 100 nM to 100 μM
of DA was tested on both electrodes (Fig. 4). The CFME and
multielectrode array both had clear plateaus above 10 μM
(Fig. 4a, c). There was also a strong linear relationship be-
tween peak oxidative current and concentration when testing
at the lower concentrations (Fig. 4b, d). This indicated that DA
is saturated at the surface of the electrode at higher concentra-
tions, occupying sites for further adsorption, which led to the
asymptotic curve. The calibration curves are utilized for elec-
trode pre-calibration and, in turn, used to extrapolate in vivo
concentrations of known analytes using the non-normalized
current after pre- and post-calibrations. In addition to DA,
several other neurochemicals were detected using the MEA,
which illustrated the utility of these arrays for other biologi-
cally relevant neurochemicals in addition to dopamine.
Norepinephrine (NE) was measured using the DA triangle
waveform and the MEA, which produced a CV similar to that
of dopamine (ESM Fig. S2a). Hydrogen peroxide (H2O2) was
also measured using a triangle waveform that scanned from −
0.4 to + 1.4 V [42] (ESM Fig. S2b) [43].

Multi-waveform application

Aside from DA, other analytes such as serotonin (5-HT) [44,
45] required unique waveform modification to differentiate
the analytes from other neurochemicals. Adjusting the wave-
form leads to enhanced detection by allowing the analyte to
sufficiently adsorb onto the CFME surface and prevent elec-
trode fouling. In other instances, a single waveform has been
developed to measure two biomolecules concurrently, such as
the nucleosides adenosine and guanosine [46, 47]. However, a
major limitation of the single-channel CFMEs is that only a
single waveform can be tested at once.

Fig. 2 Cyclic voltammograms (CVs) of the a CFME compared to the b 4
channels of the multielectrode array overlaid on one another. The CVs
indicated no differences in the peak oxidative current of the electrodes for

dopamine detection. c Bar graph showing no statistical significance (NS)
between peak oxidative current. Standard error of the mean used for error
bars. (N = 3 for each electrode type)
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Fig. 3 Comparison of a CFME to
c multielectrode array showing
the linear relationship of
normalized current versus
increasing scan rate ranging from
50 to 1000 V/s. Peak oxidative
current was found to be linearly
dependent and proportional to
scan rate. Stability experiments of
b CFME and d multielectrode
array over the course of 4 h
showed no significant difference
in peak oxidative current over
time. Error bars are shown as
standard error of the mean. (N = 3
for each electrode type)

Fig. 4 Dopamine concentration
curve ranging from 1 to 100 μM
for the a CFME and c
multielectrode array, highlighting
the lower concentration linear
relationship of the CFME (b) and
multielectrode array (d). Error
bars are shown as standard error
of the mean (N = 3 for each
electrode type)
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An advantageous feature of theMEA is that multiple wave-
forms can be applied to each of the four different channels to
aid in the co-detection and testing of multiple waveforms
without electrode crosstalk. The WaveNeuro Potentiostat
along with the HDCV software enabled the application of
separate waveforms onto each fiber of the MEA. We applied
the dopamine triangle dopamine waveform [48] to channel 1.
Channel 2 was applied with the 5-HT Jackson waveform [44],
created originally to reduce in vivo fouling. The Jackson
waveform (JWF) scanned from a holding potential of 0.2 V
to the switching potentials of 1.0, to − 0.1, and back to 0.2 V at
1000 V/s. For channel 3, we applied the extended waveform
(EWF), where the switching potential was increased to 1.3 V.
Lastly, the extended hold waveform (EHWF) which scanned
from 0.2 to 1.3 V was applied to channel 4. It was held at
1.3 V for 1 ms, then scanned back down to − 0.1 then to 0.2 V.
The dopamine, Jackson, extended, and hold waveforms were
simultaneously applied to the different channels of the MEA.
Figure 5a shows the MEA oscilloscope with all 4 waveforms
applied. Figure 5b displays the waveform shapes separately
and Fig. 5c shows the aforementioned waveforms
superimposed with the oscilloscope response from each elec-
trode as seen in the HDCV software.

After application of the three 5-HT waveforms and DA
triangle waveform, 1 μM 5-HT was measured with the
MEA (Fig. 6). 5-HT was successfully detected with peak ox-
idative potentials comparable to single-channel glass insulated
CFMEs [49]. The peak oxidative current was observed at

approximately at 0.6 V for channels 1 and 4 and 0.9 V for
channels 2 and 3. The different waveforms applied changed
the shape and position of the respective cyclic voltammo-
grams by manipulating electron transfer at the surface of the
electrode. Waveforms with faster scan rates had more posi-
tively shifted peak oxidative potentials due to the outrunning
of electron transfer at faster scan rates. The triangle waveform
yielded a broader reduction peak for serotonin, while the 5-HT
waveforms had sharper reduction peaks shifted to more posi-
tive potentials. These data indicate that different waveforms,
such as triangle versus piecewise or sawhorse waveforms,
could be applied onto the multielectrode array simultaneously
and still produce comparable cyclic voltammograms to single-
channel CFMEs without interference or crosstalk between
different fibers.

Fig. 5 Multiple waveform
applications onto the
multielectrode array. a
Oscilloscope of waveforms
applied onto each multielectrode
array channel and b the waveform
shapes: triangle, Jackson,
extended, and hold. c Overlay of
waveforms applied onto the
multielectrode array and the
oscilloscope of channels 1–4.
Channel 1 corresponds to the DA
triangle waveform. Channel 2 is
applied with the 5-HT Jackson
waveform. Channel 3 displays the
5-HT extended waveform, and
channel 4 shows the 5-HT ex-
tended hold waveform, as seen in
the legend on the right-hand side
of c

Fig. 6 Multi-waveform detection of serotonin where each channel
corresponds to the applied waveform for 5-HT detection as seen in the
legend (triangle, Jackson, extended, and hold). The oscilloscope signals
seen in Fig. 5 correspond to the shape of the electrode
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Co-detection of dopamine, serotonin, and adenosine

After confirming multiple waveform application was feasible,
we then co-detected several compounds using separate wave-
forms. We applied channel 1 with the DA triangle waveform,
and channel 4 was applied with the adenosine (Adn) triangle
waveform to measure the nucleoside. The adenosine wave-
form scanned from − 0.4 to 1.45 V and back at 400 V/s
[50]. The waveform for channel 2 was changed to the 5-HT
EWF, and channel 3 was applied with the EHWF. The oscil-
loscope and applied waveforms can be seen in ESM Fig. S3.
The aim for these experiments was to determine how the CV
shapes of each analyte changed in response to the different
waveforms applied while performing co-detection experi-
ments using varying concentration ratios. DA, 5-HT, and
adenosine were measured by increasing the concentration of
one analyte at a time upon applying different waveforms.

First, we tested increasing DA concentration (Fig. 7a) in a
fixed mixture of 100 nM μM 5-HT and 10 μM adenosine.
Increasing the concentration of DA from 100 nM to 10 μM
showed a clear increase in peak oxidative current at approxi-
mately 0.7 V. Reduction peaks indicated that both DA and 5-
HTwere present as seen with the sharper peak close to − 0.2 V
and broader peak at approximately 0 V, for DA and 5-HT
respectively. Similarly, an increasing concentration of 5-HT,
from 100 nM to 1 μM, was measured with a fixed concentra-
tion of 1 μM DA and 10 μM adenosine solution using the

EWF on channel 2 (Fig. 7b). Although the lower concentra-
tions were difficult to detect in the mixture, upon increasing
the concentration of 5-HT, an increasing peak oxidative cur-
rent was observed at 0.9 V. A small secondary peak observed
at around 0.7 V was hypothesized to be DA. This was con-
firmed by testing increasing concentrations of DA with the
same 5-HT and adenosine mixture seen in Fig. 7a, by using
the EWF. The results (ESM Fig. S4e) indicate an increasing
peak oxidative current at 0.7 V.

The signal for 5-HT was also assessed using the EHWF on
channel 3 (Fig. 7c). The resulting CVs showed increasing
peak oxidative current for 5-HT but were not as sensitive as
the previous EWF. Additionally, two peaks were observed at
approximately 1.0 V on the forward scan and 1.1 V on the
backwards scan, respectively. As DA is not detectable using
this waveform [45], the peak oxidative current most likely
resulted from the presence of 10 μM adenosine.
Additionally, the time spent holding at the switching potential
of 1.3 V may have allowed for more of the analyte to adsorb
onto the electrode. To determine if the peaks observed at 1.1
and 1.3 V were attributed to adenosine, increasing adenosine
concentrations, from 1 to 10 μM, were tested on the EHWF
(ESM Fig. S4j). Using this 5-HT waveform, both peaks were
present at their approximate voltage positions and increased in
peak oxidative current upon increasing concentration. This
suggested that holding the voltage at the switching potential
provided for sufficient time for etching the electrode surface.

Fig. 7 Co-detection of DA, 5-HT, and adenosine (Adn) using their re-
spective waveforms and with varying concentration ratios. a DA was co-
detected using the DA triangle waveform on channel 1 with increasing
concentrations from 100 nM to 10 μM and in a mixture of 100 nM 5-HT
and 10 μM adenosine. Asterisks in a and b indicate artifact signal from

the adenosine analyte. b 100 nM to 1 μM5-HT was co-detected using the
EWF on channel 2 and the c EHWF on channel 3 with 1 μM DA and
10 μM adenosine. d Adenosine was co-detected from 1 to 10 μM in a
mixture of 100 nM 5-HT and DA, each, on channel 4 using the triangle
waveform
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This enabled adenosine to adsorb on to the surface of the
MEA, thus allowing for the detection of both primary and
secondary peaks of adenosine.

Lastly, increasing concentrations of adenosine were mea-
sured in mixtures with 100 nMDA and 100 nM 5-HT, respec-
tively (Fig. 7d) resulting in increases in peak oxidative cur-
rents at approximately 1.3 V, which was determined to be the
primary adenosine peak and a smaller secondary peak at
1.1 V. Although the CV results were shifted from previous
studies [50], the peaks were attributed to adenosine as evident
from the increasing peak oxidative current while increasing
the adenosine (Adn) concentration and keeping DA and 5-HT
concentrations constant. Interestingly, the secondary peak of
adenosine was occluded during co-detection with a low aden-
osine concentration. When 5-HT was co-detected with 10 μM
adenosine and 1 μM DA using the adenosine triangle wave-
form (ESM Fig. S4l), the 5-HT peak was dwarfed compared
to adenosine and adenosine’s primary peak that were still
present. When DA is co-detected with adenosine, the carbon
fibers are more sensitive towards DA than adenosine [51], a
phenomenon explained as increasing the switching potential
over oxidizes the CFMEs which enhances sensitivity [2].

Although some peaks had shifted in these co-detection ex-
periments, compared to their values in literature, cross analyz-
ing each increasing analyte’s concentration with respect to the
four separate waveforms allowed us to visualize how these

peaks shifted. Figure S4 (see the ESM) shows how the peak
oxidative currents were altered when DA, 5-HT, and adeno-
sine were detected using different waveforms. For example,
an increasing concertation of adenosine on the EWF indicated
the inability to detect adenosine at all (ESM Fig. S4g). We
were able to confirm and identify each peak by testing increas-
ing analyte concentrations on the four different waveforms.
This highlighted a substantial advantage of the MEA paired
with commercial hardware and software where the application
of multiple waveforms significantly enhanced and facilitated
the multiplexing and co-detection of multiple analytes.

Mouse striatum

Finally, the MEAs were used to perform proof of principle
measurements and assess signal strength and durability in an-
imal tissue. After extracting a mouse brain, it was sliced at
approximately bregma + 1 to expose the striatum. The speci-
fied area is indicated by a black circle (Fig. 8f). The striatum is
innervated by neuronal fibers that release various neurotrans-
mitters, such as dopamine, 5-HT, and norepinephrine [52].
Therefore, an area of the caudate putamen (CPu), a subcortical
region within the striatum, was targeted. Upon stimulating
with potassium chloride, the resulting CVs (Fig. 8a, b–e) in-
dicate an oxidation peak at approximately 0.7 V, which is
most likely oxidation peak of DA. However, channels 1 and

Fig. 8 a The cyclic voltammograms of neurotransmitter release
stimulated by the application of KCl ex vivo of the MEA. CVs of
channel 1 (b), channel 2 (c), channel 3 (d), and channel 4 (e) that were
measured in the brain slice. f The multielectrode array targeted the
caudate putamen or dorsal striatum, as indicated by the black circle

[53]. The mouse brain atlas was adapted from Allen Mouse Brain Atlas
(2004) and the Franklin and Paxinos Atlas [34, 35]. Neurotransmitter
release was elicited by applying 1 μL of 0.1 M KCl and a full schematic
of the apparatus can be seen in ESM Fig. S5
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2 (Fig. 8b, c) had sharp reduction peaks around 0 V, indicative
of 5-HT detection with a triangle waveform applied to a
CFME. As NT release was non-specific through potassium
stimulation, most likely other biochemicals, such as norepi-
nephrine, may have been detected that cause large broad
peaks, as seen with channel 4 (Fig. 8e).

Conclusion

In this work, the novel MEA was characterized and compared
to the single-channel CFME. For electrodes with similar pro-
truding lengths and electroactive surface areas, theMEA had a
comparable sensitivity to glass insulated CFMEs. The kinetics
of DA adsorption were similar on both types of electrodes as
observed in the stability and scan rate experiments. The most
prominent feature of the multielectrode array was the ability to
simultaneously apply multiple waveforms to the different car-
bon fibers with minimal crosstalk between the exposed carbon
fibers. Additionally, measurements with the MEAs were per-
formed in brain tissue ex vivo that showed that more than one
subregion within the caudate putamen could be targeted.
MEAs could not only target different brain regions, but also
the same region simultaneously if the electrodes were closely
positioned and spaced together. Eliciting neurotransmitter re-
lease via potassium chloride stimulation produced non-
specific neurotransmitter release as measured by the MEA.
The ability to simultaneously measure neurotransmission in
several areas within the brain will aid in understanding com-
plex brain heterogeneity instead of monitoring one region at a
time. To our knowledge, this was the first use of aMEAwith a
commercially available multichannel potentiostat applied with
multiple waveforms. This will hopefully allow for neuro-
chemical measurements in multiple brain regions simulta-
neously and help understand complex brain heterogeneity
and neurochemistry.
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