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ABSTRACT: Recordings and stimulations of neuronal electrical activity are topics of great interest in neuroscience. Many recording
techniques, and even treatment of neurological disorders, can benefit from a microelectrode that is flexible, chemically inert, and
electrically conducting and preferentially transfers electrons via capacitive charge injection. Commercial electrodes that currently
exist and other electrodes that are being tested with the purpose of facilitating and improving the electron transport between solid
materials and biological tissues still have some limitations. This paper discusses carbon nanotube (CNT)-based microelectrodes to
record and stimulate neurons and compares their electron transport capabilities to noble metals such as Au and Ag. The recording
ability of electrodes is tested through electroretinography on Sarcophaga bullata fly eyes by using Au and Ag wires and CNT fibers as
electrodes. Stimulation is demonstrated through the implantation of Au wire and CNT fibers into the antennas of the Madagascar
hissing cockroach (Gromphadorhina portentosa) to control their locomotion. Our results demonstrate that a particular property of
the CNT fiber is its high rate of electron transfer, leading to an order of magnitude lower impedance compared to Au and Ag and an
impressive 15.09 charge injection capacity. We also established that this carbon nanomaterial assembly performs well for in vivo
electrophysiology, rendering it a promising prospect for neurophysiological applications.

KEYWORDS: carbon nanotubes, recording, stimulation, biobots, neuroscience

■ INTRODUCTION

Microelectrodes suitable for recording extracellular activity of
targeted groups of neurons are critical for neuroscience
research and related clinical applications, as it has the ability
to stimulate neurons in a targeted fashion. An ideal
microelectrode for stimulation should be in intimate contact
with neurons and facilitate charge delivery from solid
electrodes to soft tissues via capacitive charge transfer. The
flow of charged species creates a potential difference at the
neuron interface which is the source of the stimulation.1,2

Basically, during neural stimulation, a useful microelectrode
needs to stimulate the neural tissues ideally without generating
faradaic electron transfer. In general, neural stimulation
requires electrodes that can deliver charges without electro-
lyzing solvent present near tissues, typically H2O.

2−4 On the
contrary, electrons must maintain signal-to-noise ratio
throughout lifetime of the electrode during neural recording.5

These critical requirements imposed by the method have

promoted the search of innovative electrode materials that
display larger charge injection capacity (CIC).6,7

Improved materials for electrodes have many possible
applications and putative advantages. For example, the
possibility of effectively communicating man-made devices
and the nervous system allows connecting and treating brain
diseases by better targeting neural prosthesis based on
electrical recording and/or stimulation. Neurological disorders
have become the second largest cause of death in 2016, and
they were the leading cause of measured disability-adjusted life
years.8 They account for the 7% of the global burden of
diseases.9 The increase of brain-related diseases in the society
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has triggered multiple initiatives across the globe that are
focused on diagnostics, treatments, and restoration of body
functions.10,11 Neural prosthetic devices include long-term
implantations into the nervous system to bypass and/or restore
sensory-motor or cognitive functions. Such devices have
enormous clinical potential. More specifically, some neural
interface systems that already exist can restore loss of
functional movement, re-innervate target locations for bladder
control, and be used for the treatment of neurological
conditions such as epilepsy12 and Parkinson’s disease.13,14 In
general, suitable electrodes require chemical inertness, reduced
inflammatory responses, biocompatibility, reduced size, flexi-
bility, and tissue-like hardness with sufficient conductivity or
superior electrical characteristics.2,5,15

Ideally, the development of innovative electrode materials
with potential applications in neuroscience is tested in
vertebrates.16,17 However, testing materials in invertebrates
can have its own advantages such as providing a higher
throughput, developmental speed, lower costs, and limited
regulation allowing researchers quicker and inexpensive
characterizations. In fact, there are multiple insect and worm
species such as drosophila and Caenorhabditis elegans that have
shown significant advantages in developmental and molecular
neuroscience.18 Accessibility and quick turnaround are
particularly important in studying carbon nanotube (CNT)
assemblies (filaments, threads, and fibers) as electrodes
because of the additional characteristics related to their
nanoscale nature and often-questioned cytotoxicity. Sarcophaga
bullata fly and Madagascar hissing cockroach (Gromphadorhina
portentosa), employed here, are insect species that are readily
available and have been used extensively in anatomy learning
and research.19−21 Roaches are equipped with multiple sensory
cells on their antennas, and they are largely guided for turning
and climbing.22,23 Despite of issues related to organ
dimensions of insects, similarly to vertebrates, insects in
general rely on vision, audio, touch, smell, and taste for their
survival. Most importantly, they possess simpler neural system
that can often simulate a neural system of vertebrates, making
an ideal model to study stimulations and recordings.
Among extracellular recording methods, the electroretino-

gram (ERG) is a simple technique that assesses electrical
responses to light stimulation of photoreceptors in the retina
and underlying interneurons.24−27 Recorded photoreceptor
field potentials, ERGs, are complex signals that in both
vertebrates and insects consist of multiple components. In flies,
it consist of a sustained component of photoreceptor cells
(which in insects are a type of neuron) and relatively sharp
transient components that are generated by the activity of
downstream interneurons.24 As light stimulation starts, there is
an initial, in the extracellular recording typically positive,
voltage-spike “on-transient” that reflects the activation of first
order interneurons (laminar neurons), which are the synaptic
targets of the photoreceptors R1−R6. This is followed by a
sustained electronegative response of the photoreceptors that
typically is relatively maintained for the duration of the light
stimulus. Upon termination, there tends to be an electro-
negative “off-transient” that again is thought to result from the
lamina. Traditionally, ERG recordings from the surface of the
insect eye use a metal-based electrode (usually silver) that is
submerged in a saline solution (such as 0.9% NaCl) together
with a cotton wick that is placed onto the retinal surface.24

However, advantages of carbon-based electrodes have been
noted, and recently, a graphene film has been employed as a

transparent soft electrode material for ERG recordings, with
multiple advantages compared to traditional ERG electrodes.28

In regards to the electrode design, it is critical that any
electrode material has an effective interface with its
surrounding medium and efficiently conducts currents so
that all components of the signal are adequately captured.
ERGs include fast transients because they are fast-producing
signals that could be lost or truncated if the temporal
properties of the electrode were inadequate. Having fast-
responding electrodes that accurately record even high
frequency pulses is important to accurately capture neural
signals, including those involved in mechanisms underlying
diseases related to vision. For example, the genetically
important model system Drosophila melanogaster is frequently
used to study the mechanism of specific neural diseases. For
this, researchers typically look for alterations in the
components of ERGs,29,30 which could be distorted if the
relatively high-frequency components are not properly
captured. Another application is the study of the impact of
toxins. For example, ERGs were assessed to study the impact
of bis(2-ethylhexyl)phthalatethe most common plasticizer
on proper photoreceptor functioning.31 Specifically, here,
researchers looked at the magnitudes of on-transient and off-
transient sizes, as well as photoreceptor depolarization.
In addition to the need for better noninvasive recording

electrodes, there is also a need for implantable neural
microelectrodes to stimulate neurons. Most such electrodes
available today differ from each other based on their material
composition, shape, size, and implantation characteristics.32

Electrode types can be traced to three historical microelectrode
technologies: metal microwires, thin-film planar probes
employing silicon or polymer substances, or bulk micro-
machined arrays. Because most of these electrodes are made
from stiff metals, a major deficiency is their lack of
biocompatibility and foreign nature to the body.33 The abrupt
interface between hard metals and soft brain tissues chronically
causes injury that limits the success of current approaches.33,34

In addition, scar tissue formation prevents effective integration
of metal electrodes with surrounding neural tissues, which
currently represents a major roadblock for neuroengineer-
ing.35,36 The nature of chronic implants, regardless of their
location, requires that such neural implants remain stable
throughout the lifespan of the user, usually for many years. It
therefore is essential that such materials are chemically inert
and have mechanical match in flexibility, in order to be
accepted by the human body.37,38 The search for stable, long-
lasting electrodes that elicit little or no deleterious responses in
nervous tissues continues.39

Most of metal-based microelectrodes such as Au, Pt, and Pt/
Ir metals and alloys lack flexibility, and despite being extremely
good electrical conductors, they express high impedance and
low CIC.40 Most of the metal electrodes normally have low
surface area that limits their CIC values below 0.26 mC/cm2.
Increasing the surface area of metals through surface treatment
such as roughening, nanoporosity induction, and other cleaver
approaches has been a topic of heavy research in the past
decade.41 Si-based microelectrodes have become quite popular,
but most recently, carbon-based ones have been gaining
attention.16,39,40,42 Specifically graphene-based microwires for
electrophysiology have shown promising results as an
alternative to metals,40,43,44 but the use of CNTs has also
been reported in neurophysiological recordings and stimula-
tions.17,45−49 CNTs and graphene have shown CICs of 6.5 and
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10.34 mC/cm2, respectively.17,40 Their main advantage seems
related to their larger potential window of application, larger
CIC compared to metals, and higher flexibility compared to
carbon fibers.
The exceptional intrinsic physical properties of CNTs offer

unique opportunities in multiple extraordinary technological
applications.50 CNTs are conjugated covalently bonding
structures; therefore, they are chemically resistant under a
broad potential range, which makes them ideal materials for
long-term stable microelectrodes.16,51,52 Because CNTs are
nanomaterials, reliable methods of assembly into fibers and
handable microelectrodes are important. Unlike industrially
produced carbon fibers with well determined specification,
CNT fibers are still produced at laboratories; therefore, their
assembly methods may induce variations on their performance
and characteristics.16,17,52 Today, there are multiple CNT fiber
assembly methods: liquid phase, direct chemical vapor
deposition, and dry-spinning from vertically aligned
CNTs;53−56 however, only few methods preserve the pristine
properties of CNTs and have the purity required for
biomedical applications. Dry-spinning here is most promising
because it directly synthesizes spinnable CNT arrays that are
free of catalyst. These arrays have the ability to assemble
themselves into a continuous ribbon and can be spun into a
fiber by a simple twisting and drawing.53,56,57 The CNTs are
relatively soft and flexible and can be spun to a fiber with a
diameter from 10 to hundreds of microns diameters without
the need of additional chemical treatment. Approximately,
each millimeter of CNT arrays allows drawing a meter long
CNT ribbon,58 and the ribbons can be collected at linear speed
as high as 16 m/s.53 In addition, because of their nanoscale
dimensions, CNTs in fiber format have a substantially larger
area than metal electrodes. Other fiber assembly processes
have Fe or other metal catalyst nanoparticles within their
structure that can reach over 20% in weight in some cases59

and likely would cause toxicity if used as microelectrodes.
In this study, we demonstrate dry-spun CNT micro-

electrodes for acute neuronal activity recording and stim-
ulation. Impedance and CIC were determined for CNT
microelectrodes on their cross section. We tested micro-

electrodes in the framework of ERG recordings, where we
contrasted their performance to those of silver and gold
electrodes. Specifically, recordings were performed at the cross
sections of CNT fibers using ERGs on S. bullata eyes. Finally,
we tested electrodes in a stimulation paradigm by implanting
CNT wire into the antennae of G. portentosa, which allowed us
to elicit a behavioral response.

■ EXPERIMENTAL SECTION
CNT Wire Fabrication. CNTs were grown in a vertically aligned

forest, and they have the ability to assemble themselves into fibers.
Their synthesis process employs Fe/Co as catalyst and C2H4 as the
carbon source.53,57 These type of CNTs are known as drawable or
spinnable CNTs, and they have the same length, narrow diameter
distribution and are also free of catalyst. Assembling fibers of different
diameters through this method is simple, and it is accomplished by
changing the number of CNTs supplied during assembly, as in prior
work reported elsewhere.53,57 Two sets of CNT fiber were employed
during the course of our experiments, 53.46 ± 1.64 μm for recording
and 88.47 ± 3.41 μm for stimulation. Diameter measurements were
performed using 1000× magnification digitally enhanced microscope,
Keyence VHX Series, on 20 sections of fibers. For ERG micro-
electrode applications (recording), the CNT fibers were encapsulated
within a high density polyethylene (HDPE) tubing in order to isolate
their periphery from the surrounding media and provide necessary
rigidity to apply the electrodes to the fly-eye surface. CNT fibers were
inserted within HDPE tubing, and they were heated close to their
melting point to completely encapsulate the CNT fiber. The assembly
then was cut in order to obtain a clean surface, exposing only the cross
sections shown in Figure 1a−c. The exposed ends of the cylindrical
Ag, Au wires, and CNT fibers were connected to a metal contact
using a Ag paste. Figure 1a−c shows cross sections of such
microelectrodes made of Au, Ag, and CNTs that have polymer
coating except the cross section of the electrodes. Prior to
encapsulation, CNT fibers were densified in acetone for 30 min.
Other methods of polymer encapsulation have already been published
elsewhere by our group.60 Figure 1d displays a scanning electron
microscopy (SEM) micrograph of the as-spun CNT fiber that shows
the surface uniformity of the microelectrodes. Additionally, Figure S1
in Supporting Information has pictures of Au, Ag, and CNT
microelectrode cross sections at 1000× magnification for comparison.
For the stimulation experiments, the same wires but larger diameter
CNT fibers were employed, but unlike in recording, the insertion part

Figure 1. SEM image of microelectrode cross sections employed for ERG recording, circled in red. The conductive core of the microelectrodes are
of similar diameter and are embedded within the polymer. Electrode cross sections are (a) Au, (b) Ag, and (c) CNT cross section of polymer-
coated CNT fibers. (d) Typical sample of as-spun CNT fiber with ∼27 μm diamater.
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of the electrodes was not coated, instead a bare ∼10 mm length was
introduced within the antenna.
Physical and Electrical Characterization. Field emission SEM

(FE-SEM) micrographs were recorded using a FEI XL30 at 5−15 kV
acceleration voltage to visualize the cross-section surface morphology.
The Raman spectra CNT fiber were collected using a Renishaw inVia
Raman microscope, Ar-ion laser with an excitation wavelength of 514
nm, Gloucestershire UK.
The electrochemical impedance spectroscopy (EIS) and voltage

transient (VT) measurements were performed on CNT fibers and Au
and Ag electrodes using a Gamry Reference 600 potentiostat in
phosphate buffer saline solution with pH 7.4 at room temperature.
For this measurement, three electrode configurations were used with
an Ag/AgCl electrode as a reference, Pt wire as a counter, and Au, Ag,
and CNT cross sections, respectively, as working electrodes.
Impedance was measured at an open circuit potential to the Ag/
AgCl electrode. An alternating potential with a 10 mV amplitude was
applied in the frequency range from 1 Hz to 100 kHz on Au, Ag, and
CNT fiber microelectrodes. Echem Analyst from Gamry was used to
analyze the impedance spectra. All electrochemical measurements
were performed in a Faraday cage. For water window, cyclic
voltammetry was performed between −2.0 and +2.0 V for Au, Ag,

and CNT fiber. For the VT measurement, the biphasic, cathode first,
and current with pulse width 1 ms with equal amplitude per each
phase were delivered. The input current was increased from 100 to
300 μA at which the polarization voltage was observed the maximum
(Vp) negative value ∼ −0.9 V for CNT fibers.

Physiological Recordings. To test electrodes in a physiological
framework, ERGs were recorded from fly eyes, capturing the response
of photoreceptor neurons and interneurons as field potentials of the
eye.24−26,61 ERGs were recorded with Au, Ag, and CNT electrodes
(53.46 ± 1.64 μM in diameter) that were placed on the eye
(recording) and the thorax of the insect (reference). Commercial
conductive paste (Ten20 Conductive, D. O. Weaver and Co.) was
used to create contact between the electrodes and the surface of the
eye and thorax. Schematics of the experimental design are shown in
Figure 2a, and a picture of the insect with the CNT electrode
contacting the insect eye can be seen in Figure 2b. A set of 10
recording experiments were collected for Au, Ag, and CNT fiber
microelectrodes for a total of 30 flies. Each fly was only used once and
with one type of electrode (either Au, Ag or CNT). The quality of the
recordings was compared across electrodes. For light stimulation, a
490 nm LED (Roithner Lasertechnick, Vienna, Austria) connected to
an optic fiber cable (DigiKey, part# FB143-500-ND) was placed

Figure 2. ERG experimental setup: (a) schematic diagram of a S. bullata with electrodes connected to the eye and thorax and (b) image of S.
bullata with CNT microelectrodes contacting the eye.

Figure 3. ERG recordings on S. bullata eyes. (a) Using CNT electrodes, (b) using gold electrodes, and (c) using silver electrodes, in responses to
490 nm, 1 s light pulse at 1.07 × 1014 photons/cm2/s (d) response vs log light intensity (V log I) curves from CNT, silver and gold electrodes. At
each light intensity, the plotted response is averaged from responses to three light pulses (1 s on, 10 s off) of 490 nm light for all 30 flies. The
vertical bars indicate STDEV; p < 0.05 for comparisons between gold and silver. No statistical difference between gold and CNT based on t-tests. n
= 10 animals each.
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Figure 4. Quantification of ERG responses to light at 1.07 × 1014 photons/cm2/s from CNT, gold and silver electrodes. (a) Sustained
photoreceptor responses: t-tests between groups report no statistical difference (p-value > 0.05), ANOVA single-factor reports p-value > 0.05. (b)
On-transients: t-tests between groups report no statistical difference (p-value > 0.05), ANOVA single-factor reports p-value > 0.05. (c) Off-
transients: double-asterisk (**) indicates p < 0.005 in t-test between CNT and silver; groups that do not share the same letter are statistically
different according to a post-hoc Tukey−Kramer test. All responses are averaged from 3 × 1 s on −10 s off pulses. STDEV bars are shown, n = 10
animals each.

Figure 5. Electron/charge transfer characteristics of the Au, Ag, and CNT electrodes, (a) EIS, Nyquist and Bode (inset) plots, (b) cyclic
voltammetry for potential between the 0.8 and −0.6 V. Insets correspond to Au and CNT at different current scales, (c) cyclic voltammogram
recorded by sweeping the potential between the voltage limits of −2 to 2 V (vs Ag/AgCl electrode) to determine the water window that limits the
water oxidation and reduction voltages. A steep increase in the resistive current is observed; therefore, the water window of CNT fibers ranges from
−1.7 to 1.7 V, and (d) CIC for CNT microelectrodes at their cross section.
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adjacently to the eye so that the light intensity at the eye was 1.07 ×
1014 photons/cm2/s. The ERG setup included a Faraday cage, an A-M
Systems model 3000 AC/DC differential amplifier (Carlsborg, WA,
USA), an iWorx 118 analog-to-digital converter with LabScribe2
software (iWorks Systems, Dover, NH, USA), oscilloscope, and
computer. The amplifier was set to DC mode, a low pass of 20 kHz,
and a gain of 50. The sampling rate was 10,000 data points/s.
For quantification of ERGs, a lab custom-made MATLAB program

(a modified version of the program published by Stowasser et al.)25

was used to analyze the magnitude of the three main components: on-
transient, photoreceptor response, and off-transient. On-transients
were measured as the absolute difference between an average of 100
points prior to light stimulation (represented by black asterisks in
Figure 3a−c) and the highest potential value following light
stimulation (represented by green asterisks in Figure 3a−c).
Photoreceptor responses were assessed as the absolute difference
between the baseline (black asterisks) and the lowest potential
achieved during stimulation (represented by turquoise asterisks in
Figure 3a−c). The amplitude of the off-transient is the absolute
difference between the potential value immediately prior to light
termination (represented by orange asterisks in Figure 3a−c) and the
lowest potential value after light termination (represented by purple
asterisks in Figure 3a−c). A comparison of the Au, Ag, and CNT
microelectrodes response to photoreceptor stimulation is displayed in
Figure 3d. The quantification of Au, Ag, and CNT microelectrodes
response is shown in Figure 4a−c.
Neurostimulation. The antenna of Madagascar hissing cock-

roaches (G. portentosa) were stimulated with either Au wire or CNT
fibers that were implanted following procedures described in
Supporting Information (S-2).62 Similar procedures are described
Latif et al.63 Specifically, antennal nerves were stimulated by currents
that were generated by a commercial electronic device for stimulation
(RoboRoach Backpack; purchased from BackyardBrains.com, Ann
Arbor MI) that was attached to the cockroach and contained a 1.5 V
small circuit battery. Instead of the wires that were supplied by the
commercial kit, however, Au and CNT electrodes were attached to
respective connectors and implanted into the truncated right or left
antenna, leading the cockroach to move away from the side of
stimulation. A ground electrode made from the same material as the
recording electrodes (Au or CNT) was placed in the thorax. Prior to
performing the implants, the roaches were sedated completely by
placing them on ice. A 150 grit sandpaper was employed to roughen
the roach back and easy the epoxy adhesion of the RoboRoach
backpack to the roach thorax. Loctite Super Glue Gel Control, a
small-diameter needle, a small cauterizer, and dental wax were
employed during implants. Please refer to the experimental procedure
for CNT implant within roach antenna (S-2) for more details on the
surgery and implant of electrodes in the Madagascar hissing
cockroach antenna. The RoboRoach backpack can be activated
remotely with a phone through an app that is available at
BackyardBrains.com. Directional stimulation is performed directly
from the cellphone screen app, using the default parameters provided
in instructions. To evaluate and compare Au microelectrodes
performance in comparison to CNTs, 5 consecutive stimulations
were performed with a 20 s rest time between each stimulation. A
total of 5 roaches were used for each electrode type, and their positive
responses within 10 attempts for each antenna were tabulated and
compared.

■ RESULTS AND DISCUSSION

EIS of the Au, Ag, and CNT fiber microelectrodes and CIC
results are shown in Figure 5. Figure 5a is a summary of
impedance measurements, Nyquist plots for each electrode
material cross section, and inset displaying Bode plots. From
EIS measurement, the impedances of Au, Ag, and CNT fiber
microelectrodes were obtained 27 ± 0.085, 30 ± 0.137, and ∼3
± 0.013 kΩ (5.9 MΩ μm2), respectively. Smaller impedances
of CNT fibers compared to Au and Ag microelectrodes were

found suggesting that efficient electron transfer between
electrode and electrolyte interface for CNT fibers occurs.
Figure 5b illustrates a representative cyclic voltammetry
measurement for Au, Ag, and CNT fiber microelectrodes at
their cross section. This comparison reveals that Au and CNT
are the only microelectrodes that are truly inert within this
potential range. This is supported by the fact that Ag-oxidation
into Ag2O and AgO is a well documented phenomenon,
especially in electrochemistry.64 In addition, Ag2O has higher
electrical resistivity compared to Ag and AgO that could
negatively affect its performance as an electrode.65,66 The water
window for CNTs is considered from −2 to +2 V which is
shown in Figure 5c suggesting the absence of faradaic electron
transfer. VT measurements were performed to evaluate the
maximum positive and negative polarization voltage (Vp) at the
interface as well as the maximum charge that can be injected
from the electrode to tissues which is called CIC, Figure 5d.
Regarding to CNTs, it is worth to mention that impedance and
CIC were determined at the cross section of the CNT fibers,
which limits the electron transport path to the tips of CNTs
and avoids charge transfer from the sides of CNTs. From
Figure 5d, we evaluate the access voltage (Va = −0.8 V) due to
the Ohmic resistance of the electrolyte and then followed by a
slowly rising polarization voltage (Vp = 0.8 V) which is due to
charging of the electrode/electrolyte interface. CIC was
calculated at maximum negative polarization potential (Vp =
0.9 V) using the following equation provided by Wang et al.40

I tCIC /GSAc c= ×

GSA is the geometric surface area, that is, 1962 μm2 in our
case for all Au, Ag, and CNT microelectrodes. The CIC values
for Au, Ag, and CNT microelectrodes are measured to be
0.101, 0.061, and ∼15.09 mC/cm2, respectively, and the
charge storage capacity for the CNT fiber is measured to be
2163 mC/cm2. Vitale et al.17 have already reported similar CIC
values for CNT fibers ∼6.5 mC/cm2 with 1452 μm2 GSA. The
highest CIC measured for CNT fiber microelectrodes is ∼2.3
times larger as compared to the highest CIC reported before45

and 149 time larger that Au. In addition, reported CIC and
impedance measurements are compared to prior values
reported in the literature, Table S1 in Supporting Information.
Additional CIC measurements of 10 larger diameter electrodes
(∼100 μm), employed for stimulation, gave an average of 13.4
mC/cm2 with 60% of the electrodes over 15.3 mC/cm2. These
findings suggest that CNTs have substantially higher electron
transport at their cut ends than do typical metal wires.
ERGs performed using Au, Ag, and CNT electrodes

generally showed comparable results, with each of the three
electrode types fully capturing all important components of an
ERG of the S. bullata eye, including the on-transient,
photoreceptor response, and off-transient (Figure 3a−c). The
response was also evaluated at different strengthspecifically,
we evaluated the response characteristic against a series of
different light intensities, from 4.28 × 1010 to 1.07 × 1014

photons/cm2/s (Figure S2 in Supporting Information). For all
light intensities, comparable values were measured with all
three electrode types, with no substantial relative difference
among electrodes. Figure 3d illustrates a response series for
which the magnitude of the photoreceptor response to each
light intensity was assessed, from the dimmest to brightest
value. To further investigate our neural recordings, we
examined the strongest response (to 1.07 × 1014 photons/
cm2/s) more closely, in regards to the different components of
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the ERG signal. Specifically, we compared the magnitudes of
the on-transients, photoreceptor responses, and off-transients
from ERGs recorded with CNT electrodes in comparison to
those recorded with Ag and Au electrodes. The magnitude of
the photoreceptor responses was slightly lower for the Ag-
electrode recordings compared to the Au and CNT but not
significantly though (Figure 4a). t-Tests between groups
reported no statistical difference (p-value > 0.05), and analysis
of variance (ANOVA) single factor reported p-value > 0.05.
Data represented as individual points and their corresponding
statistics are shown in Figure S3 of Supporting Information.
Our analysis of on-transients (Figure 4b) illustrates com-
parable values for all three electrodes with no statistical
difference between groups, as reported by t-tests (p-value >
0.05), ANOVA single factor p-value > 0.05. Analysis of off-
transient size reveals that CNT electrodes have similar results
as Au electrodes but statistically different from silver electrodes
in the direction of having higher magnitude (Figure 4c).
Double-asterisk (**) in Figure 4c indicates p < 0.005 in t-test
between CNTs and silver; groups that do not share the same
letter are statistically different according to a post-hoc Tukey−
Kramer test. Although these differences are more likely an
attribute of signal variation of the animals, these findings
clearly show that CNT electrodes perform at least as well as
the other two electrodes. These findings are in good agreement
with other studies that have found carbon-nanomaterial-based
electrodes suitable for neural recordings through ERG.28 It is
worth to mention that CNT electrodes record ERG currents as
long as the fly is alive. This happens with metal electrodes as
well as CNTs suggesting that photoreceptor cells stop
responding once insect dies.
For the stimulation experiment, commercial electrodes were

replaced by our CNT fiber microelectrodes as implants inside
the antennae of the cockroach, thereby stimulating mechano-
sensory neurons (Figure 6a) that normally signal the roach that
it is touching a surface. If the right antenna is successfully
stimulated, the roach will then turn toward the left away from
that stimulus (to avoid its perceived running into an object)
and vice versa. The Video S1 in Supporting Information clearly
demonstrates that the roach obeys at stimulation of the left
antennae by turning to the right and vice versa. We do not
observe any sudden change of direction without stimulation.
Roaches tend to heavily rely on their antennae for turning and
climbing; in fact, their antennas are equipped with multiple
mechano-hygro-receptor cells.22,23 The information is con-
veyed from mechanosensory receptors to the central nervous
system to alert the roach whenever an object touches the

antenna (Figure 6a).67,68 Using the roach antennal stimulation
to test electrodes for their ability to successfully stimulate
neurons is relatively easy to set up and provides a reliable and
fast readout of the success of the experiment. Figure 6b
displays the experimental setup, with one end of the CNT fiber
inserted into the truncated roach antenna and the second end
connected to a connector into which the battery powered
stimulating device can be plugged into. Figure 6c shows the
roach fully equipped for stimulation, while it is controlled from
an app on a cellphone. Please refer to the Video S1 in
Supporting Information to observe the stimulation effects
where roaches respond to the stimulations of antennae.
To quantify the response, we compared roaches with Au and

CNT fiber electrodes. It is worth to mention that for
stimulation experiments, relatively larger CNT fibers (88.47
± 3.41 μm diameter) were employed to improve the rigidity
and easy the insertion/implant process. Typically, larger
diameter fibers tend to have larger electrical resistivities,57

but despite its higher resistance, the electrode performance is
comparable to the Au electrodes, as can be seen in Figure 7. As

can be observed in Figure 7, CNT fibers have higher
reproducibility among the stimulations for the right antenna;
however, this may be coincidence, as from a biological
perspective, no difference between the antennas is expected.
Regardless, these results demonstrate that CNT fibers are
suitable for the stimulation of the nervous system and clearly
more studies are necessary to evaluate closely parameters that

Figure 6. (a) Schematic illustration of electrode insertion into the antenna of a roach and stimulation of mechanosensory neurons of the antenna.
(b) Picture of a G. portentosa antenna area with CNT electrode implants on its antennas and electrical connectors attached on the roach back. (c)
Picture of the roach when wirelessly connected to a cellphone app for stimulation. The roach tends to respond by moving away from the side of
stimulation. Stimulation of the left antenna (sweeping to the right as shown in red arrow over phone) triggered a movement of the roach to the
right (red arrow above the roach). A full video of CNT electrode elicited behaviors is available in Supporting Information.

Figure 7. Antennae response following stimulation comparing CNT
and Au implantations in the G. portentosa. Double asterisk (**)
indicates p < 0.005 in t-test between CNT and Au, making them
statistically different according to a post-hoc Tukey−Kramer test. All
responses are averaged from 5 × 1 ms on −20 s off stimulation.
STDEV bars are shown, n = 5 animals for CNT and Au.
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determine quantitatively the difference of CNTs with specific
microelectrodes of interest. Furthermore, more research is
needed to optimize parameters that contribute to variations
among the insects, such as depth of the implant, and ultimately
long-term viability of such implants.
Taken together, our experiments demonstrate that our

nearly contaminant-free fabrication method of CNT fibers
leads to a material that like other CNTs are promising for the
construction of microelectrodes. CNTs have perfect geometry,
small dimensions, and can be assembled into fibers, micro-
cables, and microwires with different diameters starting from a
few to hundreds of microns. In contrast to traditional metal-
and alloy-based microelectrodes, nanomaterial-based electro-
des employs a bottom-up approach that assembles nanosized
CNTs into macroscopic fibers and microelectrodes that can be
adjusted to application-specific requirements. We attribute this
to the dry-spinning CNT fiber assembly method, where
basically the number of CNTs incorporated into the assembly
can be easily controlled by the width of the CNT array giving a
continuous ∼40 m long CNT fibers per batch. CNTs are well
known for their electrical conductivity, and electrons can reach
ballistic speeds through some of them. They can travel longer
distances without scattering, which is the source of electrical
resistance for metal wires. Despite these findings, the CNT
fibers employed as electrodes have a resistivity of ∼1 × 10−5 Ω
× m, compared to Au and Ag in the range of ∼2 × 10−8 Ω ×
m, meaning that CNT fibers have about 3 orders of magnitude
higher resistivities than Au and Ag microelectrodes.60

However, it is worth to mention that CNT materials with
low electrical conductivity have the ability to performs as well
as or better than noble metal electrodes with higher electrical
conductivity for this application.69 These phenomena have
been reported before, where carbon-based electrodes have
shown lower impedance and higher CIC compared to metals
that is consistent with our findings. Most importantly, our
physiological recordings demonstrate that despite the lower
resistivity, current conduction is sufficient to yield clean and
complete physiological recordings. Our data also demonstrates
that they outperform Ag and Au electrodes in regards to
electron transfer at the interface between the electrode surface
and its surrounding material. One major advantage of
employing CNT fibers is that their flexibility and their stiffness
can be tuned a priori, according to the need of any given
experiment. If electrodes were chronically implanted into brain
tissues, their potential softness is expected to result in a less
damaging probe/tissue interface compared to current
approaches. Because of its flexibility, perpetual mechanical
trauma that otherwise exists from constant motion between the
probe and surrounding tissue70 likely would be minimized, an
approach that warrants further investigation. In addition,
fabrication of different sizes of the CNT electrodes has few
limitations. Because individual CNTs have single nanometer
diameter dimensions, it could be possible to manufacture and
employ extremely fine electrodes which still would have
substantial surface area to interact with surrounding neurons.

■ CONCLUSIONS
Over the last decade significant improvements on CNT
synthesis, assembly and control over their properties have been
demonstrated. This includes the production of CNT fibers that
are uniquely assembled without the need of dispersants.
Taking advantage of the geometry and physical properties of
the nanotubes, these fibers are a promising material for

neurophysiological applications. We here explored paradigms
that employ insects to test CNT fibers as electrodes and find
their performance comparable to those of noble metal wires.
Specifically, we used CNT fiber microelectrodes to record the
complex extracellular signal of insect photoreceptor neurons
and find that both transient and sustained components are
captured well, even though the conductivity of the CNT fiber
assemblies is substantially lower. Our analysis demonstrates
that a particular advantage of CNTs is its high rate of electron
transfer, leading to an order of magnitude lower impedance at
the interface between solution and the electrode surface. Using
the cockroach antennal stimulation paradigm, we also
introduced an efficient way to test electrode assemblies in a
biological framework. Taken together, our data clearly
demonstrate that dry-spun CNT fibers are a suitable material
for neural stimulation and recording, and the RoboRoach
applied to G. portentosa also illustrates that CNT fibers can be
successfully implanted. The ability to assemble fibers at
different sizes, with exceptionally large surface areas, even for
the smallest fibers makes this material particularly promising
for neuro−machine interfaces.
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