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This study demonstrates that carbon nanotubes (CNTs) can be fabricated into probes directly, with which neural activity
can bemonitored and elicited not only extracellularly but also intracellularly. Two types of CNTprobes have beenmade and
examined with the escape neural circuit of crayfish, Procambarus clarkia. The CNT probes are demonstrated to have
comparable performance to conventional Ag/AgCl (silver/silver cloride) electrodes. Impedance measurement and cyclic
voltammetry further indicate that the CNT probes transmit electrical signals through not only capacitive coupling but also
resistive conduction. The resistive conduction facilitates the recording of postsynaptic potentials and equilibriummembrane
potentials intracellularly as well as the delivery of direct-current stimulation. Furthermore, delivering current stimuli for a
long term is found to enhance rather than to degrade the recording capability of the CNT probes. The mechanism of this
fruitful result is carefully investigated and discussed. Therefore, our findings here support the suggestion that CNTs are
suitable for making biocompatible, durable neural probes of various configurations for diverse applications.

1. Introduction

Neurons employ potential differences across their membranes
to transmit signals within themselves and among each other. This
particular way of communication allows neural activity to be
monitored and elicited with an electrode either extracellularly or
intracellularly. In the extracellular approach, electrodes are placed
intimately beside a neuron to record or to stimulate its electrical
activity by capacitive coupling. The coupling efficiency depends
very much on the impedance across the neural membrane, the
electrode impedance, and the proximity to the neuron. With
limited coupling efficiency, extracellular recording is adequate to
detect action potentials of a neuron but not small postsynaptic
potentials occurring during neuronal interactions. As monitoring
PSPs is very important for studies like neural plasticity, a sharp
glass pipet with an Ag/AgCl electrode inside has been employed
to penetrate a neuronal membrane and thus to measure the
potential of the intracellular fluid. The intracellular approach
allows action potentials and postsynaptic potentials to be mea-
sured with better selectivity and signal-to-noise ratio. In addition,
the reduction-oxidation (abbreviated as “redox” in the follow-
ing) process between Ag and AgCl allows direct currents to be
transmitted through the Ag/AgCl-electrolyte interface. This
characteristic is particularly crucial to enable the recording of
equilibriummembranepotential and thedelivery ofdirect-current
stimuli. However, the AgCl coating normally reduces into Ag
completely after several hours of usage, impeding the two crucial
functions.

In order to investigate the functional behavior of the brain as
well as to develop neural prostheses, a variety of technologies and
materials has been further proposed for interfacing a large

number of neurons in parallel.1-6 The common feature of all
technologies is exploiting microfabrication to enhance the spatial
resolution of neural recording and stimulation. However, signifi-
cant reduction in electrode size increases electrode impedance
greatly, limiting the recording sensitivity and the maximum
stimulating current deliverable through an electrode.7 Under
these concerns, the carbon nanotube (CNT) with intriguing
physicochemical property8-13 has become an attractive material
for the neuro-electronic interface.14-20 By growing CNTs on
microelectrodes,14,15,19,20 the nanostructure of CNTs inherently
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increases the effective interfacial area between microelectrodes
and neurons. CNTs have also been demonstrated as a biocompa-
tible substrate that promotes neuronal growth, boosts neural
activity,17 and transmits electrical stimulation effectively.16,18,20

These promising results lead to the attempt of fabricating CNTs
into microelectrodes19 or even nanoporbes21 directly for neural
recording and stimulation.

However, the mechanisms underlying the electrical coupling
at the CNT-electrolyte interface remain not well-understood.
Most studies indicated that CNT electrodes were like metal
electrodes, relying on capacitive coupling to record and to
stimulate neural activity.14-16,19 Pretreatments to enhance the
characteristic capacitance of CNT electrodes and to avoid
electrode reactions have also been proposed.19On the other hand,
the study by Mazzatenta et al.18 showed that voltage pulses
applied to extracellular CNT substrates were able to induce
intracellular, direct-current responses similar to those induced
by intracellular voltage stimuli. As this phenomenon could not be
induced by capacitive coupling, this experiment has led to the
debate on the intriguing mechanical coupling between CNTs and
a neuronal membrane.18,20

In this study, two types of CNT probes have been made to
“probe” neural activity not only extracellularly but also intracel-
lularly. Unlike other CNT-coated microelectrodes,14,15,19 the
probes had only CNTs at the probe tips involved in interfacing
neurons, facilitating the characterization of the CNT-electrolyte
interface. With the well-characterized escape neural circuit of the
crayfish, Procambarus clarkia,22-24 the performance of the CNT
probes was comparedwith that of conventional Ag/AgCl electro-
des. As the electrophysiological experiment indicated that the
CNT-electrolyte interface could also transmit direct-current
signals, the CNT-electrolyte interface was further charact-
erized by impedancemeasurement, cyclic voltammetry, and high-
resolution imaging. The endurance of CNT probes for delivering
direct-current stimuli was also examined. Based on these experi-
mental results, the characteristics of the CNT-electrolyte inter-
face and the challenge of developing nanoscale neural probes are
discussed.

2. Materials and Methods

2.1. Carbon Nanotube (CNT) Probes.Multiwalled carbon
nanotubes were synthesized by floating-catalyst chemical vapor
deposition (CVD) at about 1100 �C and 700 mbar.11 Benzene,
ferrocene, thiophene, and hydrogen were used as the precursor,
catalyst, promoter, and carrier gas, respectively. With van der
Waals forces, the synthesizedCNTs attracted eachother to forma
mass. A tweezer was then used to take out a bundle ofmultiwalled
CNTs from the mass. The CNT bundles having a size of about
0.1-0.5 mm in diameter and 2 cm in length were used to fabricate
the i (insulated)-CNT probe and the g (glass)-CNT probe shown
in Figure 1a.

Both the i-CNT and the g-CNT probes were made by connect-
ing one end of a CNT bundle to an Ag wire with silver glue. It is
notable that there is no Agwire beyond the connecting point; i.e.,
the CNT bundle in Figure 1a contains purely CNTs, instead of
being Ag wire coated with CNTs. The i-CNT probe (Figure 1a1)
was thenmadeby coating the surface except for the tip of theCNT
bundle with insulating epoxy (No. 2258, Life Co. Ltd.). The
g-CNT probe was instead made by placing the CNT bundle in a

sharp glass pipet (Figure 1a2). One end of the CNT bundle,
around 3 mm long, was immersed in the 3 M KCl solution in
the pipet tip, through which the g-CNT probe was able to inter-
face neurons either extracellularly or intracellularly. For the
intracellular interface, only the glass tip of the g-CNT probe
penetrated the neuronal membrane, allowing the saline in the
probe tip to be in contact with the intracellular fluid. The
CNT bundle immersed in the saline was subsequently able to
measure the intracellular potential or to inject currents into the
intracellular fluid through the saline. On the other hand, the
i-CNT probe was able to facilitate an extracellular interface as
CNT-coated microelectrodes.14,15,19,20 While most CNT-coated
microelectrodes could not avoid materials (e.g., Ag or TiN)
underneath the CNT coating from involving in the electrode-
electrolyte interface, the configuration of both CNT probes
ensured that only CNTs at the probe tips (about 0.15 mm
in diameter) involved in neural recording and stimulation,
guaranteeing interfacial characteristics dependent merely on the
CNTs. Finally, an Ag/AgCl wire was immersed in the 3 M KCl
solution in a glass pipet to form a conventional neural probe for
comparison (Figure 1a3).

2.2. Neural Electrophysiological Experiments. Figure 1b
shows the experimental setup for comparing theCNTprobeswith
the conventional Ag/AgCl glass pipet. The abdomen of a crayfish
was cut from the thorax, and the dorsal exoskeletons were
removed. The preparation was then pinned on Sylgard in a
4.5 cm diameter Petri dish containing the crayfish saline
(210 mM NaCl; 15 mM CaCl2, 5.4 mM KCl, 2.6 mM MgCl2,
and 5 mMHEPES, pH 7.4). Both CNT probes and the Ag/AgCl
glass pipet were in contact with lateral-giant (LG) neurons in the
same (last) abdominal ganglion, which received inputs from the

Figure 1. Diagrams of (a1) the i (insulated)-CNT probe, (a2) the
g (glass)-CNT probe, and (a3) the conventional Ag/AgCl glass
pipet. (b)Experimental setup for characterizing the performanceof
the CNT probes with the escape neural circuit of the crayfish.
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mechanosensory afferents in the tail fin. A twisted, Teflon-coated
silver wire was then employed to stimulate afferent neurons
with voltage pulses to evoke compound EPSPs in the LG neuron.
Once the afferent neurons were stimulated simultaneously by a
higher voltage pulse, the amplitude of compoundEPSPs exceeded
the firing threshold, leading the LG neurons to generate an
action potential and propagate the action potential into
LGneurons in posterior ganglia. In this study, eachmeasurement
was repeated with four probes of the same type (n = 4).
The recorded signals were digitalized at 100 kHz through a
PCI-1602 A/D interface (ICP DAS, Taiwan), and subsequently,
the digital data were stored and analyzed in a computer with a
graphical user interface designed by the National Tsing Hua
University, Taiwan.

2.3. Endurance Test. Conventional Ag/AgCl electrodes
normally become unable to record neural signals faithfully as
AgCl reduces into Ag completely. The degradation occurs easily
especially when an Ag/AgCl electrode is used to deliver direct-
current stimuli. Therefore, the CNT probes’ endurance for
physiological experiments was examined by forcing a pair of
i-CNT probes to conduct a direct current in the 3MKCl solution
for a long period of time. The direct current was set precisely
by connecting a source meter (Keitheley 2602) with the i-CNT
probes in a closed loop. As the i-CNT probes had only CNTs at
the cross sectionof the probe tip in contactwith solutions, a nearly
constant contact area between CNTs and the electrolyte was
guaranteed regardless of the immersion depth of the probes.
In addition, to make sure the impedance change due to CNTs’
hydrophilicity19 was negligible, all i-CNT probes were immersed
in the 3MKCl solutions for more than 20 h before the endurance
test. The impedance spectra of the CNT-electrolyte interface
before and after the current stress were then measured (Support-
ing Information) and compared, and so was the cyclic voltam-
metry25 carried out. The scan rate of the cyclic voltammetry was
100 mV/s.

To investigate the impact of the current stress on the recording
capability of i-CNT probes, a sinusoidal wave was transmitted
into the 3 M KCl solution through an Ag/AgCl coil. The signals
recorded by the i-CNT probe before and after the current stress
were then compared. Finally, the change in recording capability
was verified with the escape neural circuit of the crayfish. As the
coupling efficiency of extracellular recordings depended very
much on the proximity to neurons, the distance between the
i-CNT probe and neurons had been carefully controlled between
different recordings by using a mirco-manipulator (World Preci-
sion Instrument M3301) to handle the i-CNT probe.

3. Results

3.1. Neural Recording and Stimulation with CNT

Probes. With the probe tip pressed against the LG axon, the
i-CNT probe was able to detect an action potential of the LG
neuron (indicated by an arrow in Figure 2a1), as well as some
small spikes associated with other LG neurons in the nerve cord
(indicated by asterisks), evoked by an electrical shock on the
sensory afferents via a twisted silver wire. The signal amplitude
was 1.03( 0.35mV, comparable to that detected by the Ag/AgCl
glass pipet sucking on the sameaxon (0.89( 0.57mV,Figure 2c1).
Conversely, as the i-CNT probe served as a stimulator to excite
afferent neurons and the Ag/AgCl glass pipet recorded the LG
neuron intracellularly, a single voltage pulse applied to the i-CNT
probe was sufficient for exciting the afferent neurons and evoking
compound EPSPs in the LG neuron. With a higher stimulating
voltage, the amplitude of EPSPs exceeded the firing threshold and
an action potential appeared (Figures 2a2 and 2a3 in the rectan-
gular box). For the g-CNT probe, with the bevelled tip placed

intimately to a LG neuron, the g-CNT probe was able to detect
an action potential extracellularly with a magnitude of 0.89 (
0.60 mV (indicated by the arrow in Figure 2b1) and some small
spikes (indicated by asterisks) evokedby an electrical shock on the
sensory afferents. Moreover, a sharp g-CNT probe (with a tip
resistance of 14.5( 2.4 MΩ) was used to impale the LG neuron.
The penetration of the neuronal membrane was indicated by a
sudden drop of the dc potential recorded by the g-CNT probe.
After the penetration, the g-CNT probe was able to record the
action potential intracellularly with a magnitude of 85.2 (
5.84 mV (Figure 2b2), comparable to that recorded by the Ag/
AgCl glass pipet impaling the same neuron (88.4 ( 9.78 mV,
Figure 2c2). As the electrical shock on afferent neurons only
induced compound EPSPs in the LG neuron, the g-CNT probe
was still able to record the compoundEPSP intracellularlywith an
magnitude of 5.14 ( 0.92 mV (Figure 2b3), comparable to
that recorded simultaneously by the Ag/AgCl electrode (4.67 (
0.86 mV, Figure 2c3). The g-CNT probe’s ability to interface
neuron intracellularly was thus clearly demonstrated. More
interestingly, the g-CNT probe was found capable of recording
equilibrium membrane potentials and delivering direct currents.
As direct-current stimuli of (10 nA was delivered into the
Ag/AgCl glass pipet impaling an LG neuron, the g-CNT probe
impaling the same neuron was able to detect the resulted
equilibrium membrane potential intracellularly (1.58 ( 0.63 and
-1.63( 0.38 mV, respectively, in Figure 2b4). Conversely, as the
direct-current stimuli of (10 nA was delivered into the g-CNT
probe, the Ag/AgCl glass pipet detected comparable changes in
the membrane potential (1.57 ( 0.50 and -1.60 ( 0.4 mV,

Figure 2. Stimulation and recording of lateral-giant neurons in
crayfish via an i-CNT probe, a g-CNT probe, and an Ag/AgCl
glass microelectrode. From the top to the bottom, the figure shows
sequentially the respective extracellular recordings (a1, b1, c1) of
action potentials (the arrows indicate the spike of the LGneuron in
contact with the probes, and the asterisks indicate the spikes of
other neurons in the nerve cord.) elicited by stimulating afferent
neurons via a bipolar electrode, intracellular recordings of an
action potential (AP) and an excitatory postsynaptic potential
(EPSP) induced by the extracellular stimulation via the i-CNT
probe (a2 and a3 in the rectangle), intracellular recordings of APs
and EPSPs with the g-CNT probe (b2, b3), intracellular recordings
of APs and EPSPs with the Ag/AgCl microelectrode (c2, c3), the
recordings of equilibrium membrane potentials by the g-CNT
probe (b4) in response to current injections through the Ag/AgCl
electrode, and the recordings of equilibrium membrane potentials
by theAg/AgCl electrode in response to current injections through
the g-CNT probe (c4). Each measurement was repeated with four
probes of the same type.

(25) Mabbott, G. A. J. Chem. Educ. 1983, 60, 697–702.
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respectively, in Figure 2c4), indicating the stimuli were delivered
effectively. This intriguing result suggested that the CNT-
electrolyte interface exhibited resistive conduction to facilitate
the transmission of direct currents and equilibrium potentials.
3.2. Endurance of the CNTProbe.With the setup shown at

the top-right corner of Figure 3a, a pair of i-CNT probes was
forced to conduct a direct current of 500 nA for 2 h. Let the
electrochemical impedance of the CNT-electrolyte interface (Ze)
be modeled as a resistor (R) and a capacitor (C) in parallel,
analogous to the constant-phase element described earlier.15,26,27

The analytic equation of Ze is given as

Ze ¼ ZR==ZC ¼ R

1 þ ðwRCÞ2 ð1-jwRCÞ ð1Þ

where w denotes the radian frequency. Parts a and b of Figure 3
show the capacitive impedance (|ZC| = 1/wC) and the resistive
impedance (ZR=R), respectively, measured before and after the
current stress. ZC was comparable to ZR over the frequency
bandwidth of neuronal signals (100-10 kHz), indicating that the
CNTprobes transmitted signals through both capacitive coupling
and resistive conduction. This agreed with the phenomenon
observed in the physiological experiment above. More interest-
ingly, both ZC and ZR were reduced after the current stress,
no matter the CNT probe was the anode or the cathode electrode
in the endurance test. Similar reduction was also observed as
the i-CNT probes were immersed in deionized water, implying
that K+ and Cl- ions in 3 M KCl solution were not involved in
the change of impedance. This intriguing result leads to several
questions. First, what reactions supported the resistive conduc-
tion? Second, what mechanisms caused the impedance change?
Third, would the impedance continue to improve with the
duration of the current stress? These questions were investigated
by comparing with purified CNTs and elongating the current-
stress process.
3.3. Comparison with Purified CNTs. The resistive con-

duction at the CNT-electrolyte interface could relate to amor-
phous carbon impurities, catalyst particles, and abundant
functional groups such as edge-plane defects and oxygenated
species on the CNT surface.8-10,28 To reduce amorphous carbon
impurities and catalyst particles, the as-grown CNTs were
purified by the following steps. (1) The pristine CNTswere heated
in a microwave with a power of 200 W for 5 min. (2) The CNTs
were then washed with concentrated HCl acid by sonication
for 15 min. (3) The CNTs were further rinsed with methanol
and DI water and then dried. The steps were repeated twice to
remove impurities as much as possible. The curves with circular
symbols in Figure 3 show the impedance of the purified CNTs
for comparison with that of the as-grown CNTs (rectangular
symbols) and the stressed CNTs (triangular symbols). Obviously,
the purification process also led to the reduction in impedance. If
the resistive conduction were dominated by the reactions with
impurities, the purification process would have led to increase in
resistive impedance. Therefore, the resistive conductionwasmore
likely to be dominated by reactions with abundant functional
groups or edge-plane defects. Figure 4 shows the scanning
electron microscopy (SEM) images of the as-grown CNTs, the

stressed CNTs, and the purified CNTs. Both the stressed CNTs
and the purified CNTs had less impurity particles than the as-
grown CNTs. The reduction of impurities after the current stress
was especially obviated by the diminished images at the bottom-
right corners of Figure 4a,b. This indicated that the current-stress
process had analogous effects to the purificationprocess, agreeing
with the impedance spectra shown in Figure 3.
3.4. Stress-Induced Impedance Reduction. To investigate

the cause of impedance reduction after the current stress, the
current-stress process was elongated and repeated. As the hydro-
philicity of CNTs was of concern, the i-CNT probes were first
immersed in the 3 M KCl solution for 24 h, left dried in the air
at room temperature for 8 h, and immersed in the solution for
24 h again. The CNT probes were then stressed with the same
condition (500 nA for 2 h) in section 3.2 for four cycles. After-
ward, the CNT probes were kept in the 3 M KCl solution for
12 h and then stressed for another two cycles. Finally, the CNT
probes were kept in the 3 M KCl solution for 90 h. The CNT
probes were immersed in the same solution all the time since the
first stressing cycle, in order to avoid impedance changes due to
the dehydration of the CNTs. The cyclic voltammetry was carried
out at each stage of the current-stress process, and the character-
istic capacitance of the CNT-electrolyte interface was derived
from the cyclic voltammograms. Let CI represent the character-
istic capacitance of the CNT-electrolyte interface, relating to the
ZC in section 3.2 as ZC = 1/wCI. CI was derived according to

Δi ¼ 2CI
dV

dt
ð2Þ

where Δi is the maximum current difference between the positive
and the negative voltage sweeps.15

Figure 3. (a) Capacitive and (b) resistive impedance of the i-CNT
probe measured before (black curves) and after (blue curves) the
current-stress process. The capacitive and resistive impedance of
the same CNTs undergoing the purification process is also shown
(red curves).
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Figure 5a shows the cyclic voltammograms in the first four
stressing cycles. Δi increased with the number of stressing cycles,
so did CI. The increment in the first cycle was significantly larger
than those in the following three cycles. The increment was thus
likely to saturate into a maximum value as the current stress was
prolonged. Nevertheless, CI had increased by 6 times after four
stressing cycles, comparable to the improvement introduced by
the acid pretreatments proposed by Hu et al.30

Figure 5b further shows the change of CI through the entire
experiment. The first four data points revealed that CI changed
with the extent of the hydration of CNTs. Long-term immersion
allowed the electrolyte to diffuse into theCNTbundles, increasing
the interfacial area with CNTs and thus CI. However, the “wet-
induced” impedance change was slow and was completely gone
after the dehydration of CNTs. On the contrary, the current
stress caused CI to increase more rapidly and significantly
(the first-fourth cycles in Figure 5b). Although the “stress-
induced” increase in CI was lost by more than a half after 12 h
of the static immersion, CI did not reduce to the original value
measured before the current stress. Resuming the current stress
caused CI to increase significantly again (the fifth and sixth
cycles in Figure 5b), while the following immersion caused CI to
decrease again, but not to the value measured before the fifth
stressing cycle. Finally, CI saturated to a constant value after
66 h immersion in the solution. This interesting phenomenon
indicated that the stress-induced impedance change contained

both permanent and nonpermanent components. The underlying
mechanisms will be discussed carefully in section 4.3.
3.5. Electrically Enhanced Recording Capability. To de-

monstrate how the impedance change affected the recording
capability, an i-CNT probe was used to record a 12 mVpp,
50 Hz sinusoidal signal in the 3MKCl solution. Figure 6a shows
the signals recorded by the i-CNT probe before and after the
current stress of 5 μA for 4 h. Obviously, the signal recorded by
the stressed i-CNT probe exhibited greater amplitude and less
phase error, indicating that the impedance reduction (both
ZR and ZC) improved the recording capability. According to
eq 1, the increase in amplitude was attributed to the reduction in
|Ze|, i.e., the reduction in both ZR and |ZC|, as obviated by
Figure 3. On the other hand, the reduced phase error was
attributed to the reduction in wRC = ZR/|ZC|.

The improvement was further verified with the escape neural
circuit of the crayfish. As shown in Figure 6b, the action potential
recorded by the stressed i-CNT probe exhibited a slightly larger
amplitude. This result confirmed that the current stress increased
the characteristic capacitance (i.e., reduced ZC), since extracellu-
lar recording mainly relied on capacitive coupling. Moreover,
the timing difference between the action potentials in the two
recordings should be attributed to the change in the excitability
of the LGneurons between different experimental trials. Depend-
ing on the position of the stimulating electrodes, the population
of sensory afferent neurons being excited could also differ from
one trial to another, resulting in different time delay for evoking
an action potential in the LG neuron. Finally, it is notable
that the effect of the reduction in ZR on neural recording is
difficult to demonstrate. While ZR mainly affects the recording
of low-frequency signals, ZR is much smaller than the tip resis-
tance of the glass pipet (e.g., g-CNT probes had tip resistance of

Figure 5. (a) Cyclic voltammograms of the i-CNT probe mea-
sured at different stages of an elongated current-stress process.
In each stressing cycle, the i-CNT probes were forced to conduct a
dc current of 500 nA for 2 h. (b) Corresponding change in
characteristic capacitance during the current-stress process (at a
scan rate of 100 mV/s).

Figure 4. SEM images of (a) the as-grown CNTs, (b) the current-
stressed CNTs, and (c) the purified CNTs. The insets at the
bottom-right corners of (a) and (b) give the images diminished by
100 times.

(30) Hu, C.-C.; Su, J.-H.; Wen, T.-C. J. Phys. Chem. Solids 2007, 68, 2353–2362.
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14.5( 2.4MΩ), making it difficult to observe the effects ofZR on
intracellular recording.

4. Discussion

4.1. Capability of the CNT Probes. This study demon-
strates that the CNT probes are capable of recording and
stimulating neural activity not only extracellularly but also
intracellularly. While the results of extracellular experiments
agree with those demonstrated with CNT-coated microelec-
trodes,14,15,19 intracellular recording and stimulation with CNT
probes are explored for the first time. More importantly, the
impedance measurements indicate that the CNTs used in
our experiments exhibit not only capacitive but also resistive
characteristics, contrary to the suggestion that capacitive
impedance dominates.14,15,19 This resistive characteristic is espe-
cially crucial for the g-CNT probes to record equilibrium mem-
brane potentials and to deliver direct-current stimuli as effectively
as conventional Ag/AgCl electrodes. The intracellular, direct-
current response induced by extracellular CNT substrates
observed in Mazzatenta et al.18 could also be partly attributed
to the resistive characteristic.
4.2. Resistive Conduction of the CNT Probes. The com-

parison between the current-stressed and the purified CNTs
suggested that the resistive conduction of the CNT probes
should rely more on reactions with abundant functional groups
on the CNT surface, such as edge plane defects and oxygenated
species.8-10,28 This suggestion is further supported by two other
results. First, although reactions with catalyst impurities like Fe
could contribute to the resistive conduction, the cyclic voltammo-
grams measured at different scan rates show no significant redox
process, i.e., current peaks, in the voltage range of neural record-
ing (-0.1 to 0.1 V), as is also reported earlier.15,19 Second, the
typical high-resolution transmission electron microscopy
(HRTEM) images of the CNTbundles (Supporting Information)
indicate that both the as-grown and the current-stressed CNTs do
not exhibit many amorphous carbon impurities. The resistive
conduction of the CNT probes, especially for the stressed ones, is
thus less likely to be dominated by reactions with amorphous
carbon and catalyst impurities. Compared to the more conven-
tional carbon fiber electrodes, the CNT probes are more analo-
gous to the CNT electrodes used in Nugent et al.’s experiment,28

whose structure and topology are very different from that of
graphite fibers, and are shown to favor fast electron-transfer
kinetics (i.e., resistive conduction).
4.3. Electrically Induced Impedance Change. In the en-

durance test, the impedance of the CNT probes decreases rather

than increases after conducting direct currents for a long time.
Therefore, unlike other metal electrodes (e.g., Pt) or the Ag/AgCl
electrodes,1,7 long-term usage improves rather than degrades the
recording capability of the CNTprobes. Although the impedance
improvement can largely diminish if CNTprobes are kept “quiet”
(not in use), the impedance always reduces to favor neural
recording and stimulation during usage. This intriguing charac-
teristic makes CNTs particularly attractive for interfacing neu-
rons. The impedance improves by more than 3 times after a
current stress for just 2 h (Figure 4b), and the cyclic voltammo-
grams (Figure 4a) display no significant redox processes after the
current stress, eliminating the concern over the formation of new
compounds or the release of toxic chemicals. Compared to the
acid pretreatments proposed in Hu et al.,30 H2SO4 or HNO3

employed in the acid pretreatments could be toxic for neurons if
the acids were not rinsed completely. Under this concern, enhan-
cing impedance by the current stress is more favorable.

An elongated current-stress process further suggests that the
impedance improvement could result from several mechanisms.
The first was the “polishing” effect on the CNT surface. During
the current stress, the voltage across the CNT probes (around
1.3 V) was greater than the hydrolysis voltage, causing hydrolysis
reactions to remove particles absorbed on the CNT surface
(Figure 4). The interfacial area between the CNTs and the
electrolyte thus increased and resulted in smaller impedance.
Second, the optical microscope images (Supporting Information)
further indicated that the current stress also caused CNTs to
disperse slightly more in the electrolyte. The dispersion of CNTs
also led to the increase in the interfacial area and thus the
reduction in impedance. Third, the current stress could cause
the pH value around the CNT surface to vary during the
hydrolysis reaction, inducing more edge-plane defects or func-
tional groups on the CNT surface as the acid or oxidation
treatments did.19,30,31 The existence of this mechanism is sup-
ported by the emergence of a current peak around -0.2 V in
Figure 5a after the current stress, and the current peak should
correspond to the reduction of adsorbed oxygen.30,31 The first two
mechanisms are physical changes, while the third is chemical
change. Therefore, the nonpermanent impedance change shown
in Figure 5b could relate to the first two mechanisms, while the
permanent impedance change to the third. For example, once the
i-CNT probes were immersed in the buffer solution for a long
time, particles could adhere to the CNT surface again or the

Figure 6. (a) Source signal (black) in the 3MKCl solutionand the corresponding signals recordedbyan i-CNTprobebefore (green) andafter
(orange) the current stress. (b) Action potentials of lateral-giant neurons recorded by an i-CNT probe before and after the current stress.
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dispersion effect could diminish, leading the impedance to
increase again.
4.4. Nanoscale Neural Probes. As the CNTs have been

shown capable of probing neural activity intracellularly with
promising endurance, it will be interesting to develop a nanoscale
neural probe using only a single CNT as the probe tip.21 Such a
nanoscale probe will not only facilitate long-term, intracellular
interface with neurons but also minimize the damage to neurons.
Although extracellular CNTs could also couple intracellular
signals noninvasively,18 the mechanism remains under debate
and the coupling efficiency could be not enough for recording
miniature neural activity like PSPs. The nanoscale probe thus
provides a good option. However, the impedance of a single
CNT could be too large for practical neural recording and
stimulation. According to Figure 3, the i-CNT probe with a
diameter of 150 μm has an interfacial area of 17671 μm2 and a
total impedance of 14 kΩ at 1 kHz. Given that the impedance is
inversely proportional to the area, a single,multiwalledCNTwith
a diameter of 10 nmhas a surface area of 0.03μm2permicrometer
in length. This corresponds to an estimated impedance of 8.25GΩ
at 1 kHz and 825GΩ at 10 Hz, too large for neural recording and
stimulation. As the input impedance of recording amplifiers can
hardly exceed 100 GΩ,32,33 at least 100 CNTs are required for
reducing the impedance to a reasonable value (<10GΩ at 10Hz).
However, 100 CNTs piled up in the densest hexagonal structure
have a diameter of about 100 nm, not much smaller than the
diameter of conventional glass micropipets (200 nm). Therefore,
technologies for growing a single CNT longer than 10 μm, as well
as the use of single-walledCNTwith a diameter of around 1 nm,34

are crucial for releasing the constraint.
In addition, the CNT probes used in our experiments have not

beenpurified to remove impurities such asmetallic catalyst,which
is normally toxic to neurons. Although the toxic impurities can be
removed by the purification process proposed byVazquez et al.,29

for example, extra rinsing will be important to remove the toxic
acids completely. In addition, the acid treatment and rinsing
could detachCNTs from the substrate onwhich they are grown to

form nanoscale probes. It is thus important to consider how to
purify CNTs in the nanoscale probes. As the current stress has
been shown to have analogous effects to the purification process,
the current stress could be an optional approach while the
effectiveness should be evaluated and compared to the standard
purification process.

5. Conclusions

By fabricating two types of CNT probes and testing the probes
with the well-characterized crayfish system, we have demon-
strated that CNT probes can monitor and stimulate neural
activity not only extracellularly but also intracellularly, with
comparable performance to conventionalAg/AgCl glass pipettes.
The promising performance in intracellular recording is first
explored and proved to rely on CNTs’ respectrable resistive
characteristics. The impedance spectra and SEM images of the
CNT probes and purified CNTs indicate that the resistive con-
duction rely mainly on the abundant functional groups on the
CNTs.More interestingly, the impedance of theCNT-electrolyte
interface is found to improve with the delivery of current stimuli,
making CNT probes particularly suitable for long-term usage.
This fruitful durability is likely to result from the polishing effects,
water penetration, and the increase of functional groups induced
by the hydrolysis reactions. The impedance improves comparably
to that induced by acid pretreatments. As the CNT probes
proposed in this research are not difficult to fabricate, the purified
CNT probes will provide neuroscientists with an optional neuro-
physiological tool which is biocompatible, reliable, and durable.
Moreover, technologies for growing long CNTs on microfabri-
cated substrate will be developed to realize nanoscale neural
probes of various configurations for diverse applications.
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