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ABSTRACT This work demonstrates the potential of nanoscale carbon electrode
materials for improved detection of electroactive neurotransmitter dynamics in the
brain. Individual multiwalled carbon nanotubes were synthesized via chemical vapor
deposition, spun into yarns, and used in the fabrication of disk microelectrodes that were
subsequently characterized using scanning electron and atomic force microscopies. The
carbon nanotube yarn electrodes were coupled with fast-scan cyclic voltammetry and
used to discriminately detect rapid neurotransmitter fluctuations in acute brain slices.
The results demonstrate that the distinct structural and electronic properties of the
nanotubes result in improved selectivity, sensitivity, and spatial resolution, as well as
faster apparent electron transfer kinetics when compared to the conventional carbon-

fiber microelectrodes typically used in vivo.
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arbon-fiber microelectrodes (dimen-

sions in the micrometer range) are

afundamental tool in the real-time
electrochemical detection of neurotrans-
mitters, including but not limited to
dopamine,”™” adenosine,®® hydrogen
peroxide,'® serotonin,*''"'* local pH
changes,>'® and norepinephrine.'®'” They
are preferred for work in brain tissue due to
their small size, which enables the detect-
ion of rapid chemical dynamics, minimizes
tissue damage upon implementation, and
provides excellent spatial resolution for
sampling from discrete neural circuits.'®
Compared to larger electrodes, microelec-
trodes offer highly increased diffusional flux
to the electrode surface, decreased ohmic
drop, and faster response times that enable
high speed measurements.'® Furthermore,
carbon-fiber microelectrodes are biologi-
cally compatible, have a wide potential
window and renewable surface,”® and are
easily coupled with fast-scan cyclic voltam-
metry (FSCV).2"*2 FSCV provides the tem-
poral resolution required for measuring
neurotransmitter release on a subsecond
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time scale and enables qualitative identifi-
cation of an analyte through a distinctive
cyclic voltammogram. Thus the combina-
tion of FSCV with carbon-fiber microelec-
trodes is a powerful tool for making rapid
measurements in complex environments
such as the brain.

Since Wightman and others®®~%’ in-
itially reported the fabrication and charac-
terization of ultramicroelectrodes in the
early 1980s, a significant amount of research
across many laboratories has focused on
enhancing the detection capabilities of the
carbon-fiber electrode material by modify-
ing the surface in different ways. Nafion is a
commonly used perfluorinated cation ex-
change polymer that is deposited onto the
carbon surface to improve sensitivity for
cationic species, such as dopamine. 2
However, electrode coatings necessarily
slow the electrode time response by hinder-
ing analyte diffusion to the electrode surface.
The sensitivity of carbon-fiber electrodes
can also be increased by electrochemical
pretreatment®>*>33 and surface cleaning.3*
Finally, carbon nanotubes (CNTs) can enhance
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sensitivity when deposited onto the carbon sur-
face.?3>3¢ The demonstrated benefit of enhanced
mass transport to very small electrodes underlies a
broad interest in the use of CNTs, which offer a high
aspect ratio, for electrochemical analysis in biological
systems. Indeed, interest in CNT technology has sig-
nificantly grown over the past two decades. CNTs
provide high tensile strength and stiffness, as well as
good thermal and electrical conductivity.?” Further-
more, CNTs can be spun into continuous fibers to form
a yarn.3®* The yarn diameter is dependent on the
diameter of the individual nanotubes, as well as the
twisting angle used in spinning. Thus, the yarns are
customizable and can be tailored with diameters and
lengths suitable for use in electrodes dedicated to a
variety of applications. Electrochemical sensors spun
from CNTs were first reported in 2003,*' and glucose
measurements using dry-spun CNT-yarn electrodes
modified with glucose oxidase have been reported
by Zhu et al.**** CNT fibers have been used to detect
dopamine using differential pulse voltammetry** and
amperometry,** have been incorporated into elec-
trode arrays,*® and have also been suggested to be a
superior deep brain stimulating electrode when com-
pared to other electrode materials,*’” hinting at their
in vivo potential.

In order to take advantage of the unique properties
of CNTs and the mass transfer benefits of working at
the nanoscale, we have utilized a multiwalled carbon
nanotube (MWNT) yarn as the sole sensing substrate in
elliptical disk microelectrodes. We have quantitatively
characterized the performance of the CNT yarn disk-
shaped (CNTy-D) electrodes when coupled with FSCV
and have systematically compared them to conven-
tional carbon-fiber microelectrodes for the detection
of neurotransmitters. The MWNT yarn used herein
was composed of individual MWNTs (~40—50 nm
diameter) spun into a continuous fiber with a diameter
of 30 um and a twist angle of 20°. The CNTy-D electro-
des had a sensing surface composed of highly curved
carbon nanotubes that was physically characterized
using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The electrodes were electro-
chemically characterized using FSCV. They exhibited
lower background currents, improved current density,
and faster apparent electron transfer kinetics when
compared to more conventional carbon-fiber electro-
des, resulting in improved sensitivity and selectivity.
Finally, these novel CNTy-D electrodes were used to
discriminately detect dopamine in acute brain slices,
demonstrating their potential as an attractive tool to
advance the detection of dynamic chemical fluctua-
tions in discrete biological locations.

RESULTS AND DISCUSSION

Research in the area of microelectrodes became very
active in the late 1970s, coincident with advances in
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Figure 1. Scanning electron micrographs of a CNTy-D elec-
trode. (A) Spun MWNTSs form a continuous yarn. (B) A single
CNTy-D electrode. (C) Detailed image of CNT surface and
glass seal of the CNTy-D electrode.

the field of microelectronics and the advent of micro-
structural materials.'® The unique advantages of small
electrodes opened up many areas of study that were
inaccessible with electrodes of larger size, including
detection of the kinetics of electroactive neurotrans-
mitter molecules in the brain.*®*° Today, some 35 years
later, electrochemistry is a benchmark tool in neu-
roscience. Thus, it is no surprise that there is a broad
interest in exploiting the unique properties of carbon-
based nanomaterials for electrochemical analyses in
biological systems. Further miniaturization to the
nanoscale promises to enhance the very characteristics
that made microelectrodes so transformative, enabling
high speed measurements in discrete spatial locations.
Herein, we have demonstrated the potential of yarns
spun from CNTs for enhanced neurotransmitter detec-
tion in live tissue.

Physical Characterization of Carbon Nanotube Yarn as an
Electrode Substrate. A 1 m length of carbon nanotube
yarn was spun from a forest of 40—50 nm diameter
individual ultralong multiwalled carbon nanotubes.
The yarn, shown in Figure 1A, was approximately
30 um in diameter with a twist angle of 20°. It was
then used to fabricate microdisk electrodes, polished
at 30° to form an elliptical sensing surface (Figure 1B).
The minor diameter of the sensing surface is 17.3 +
0.4 um (n =5), because the yarn tightens as it is pulled in
the micropipet puller. On the sensing surface, the ends
of the nanotubes are distinguishable from the glass seal
and can be recognized in the higher magnification
scanning electron micrograph shown in Figure 1C.

Throughout this work, CNTy-D electrodes (geometric
sensing area = 8.08 (£0.86) x 10°® cm? n = 5) are
compared to conventional cylindrical carbon-fiber mi-
croelectrodes (7 um diameter x 100 um long, geo-
metric sensing area of ~2.24 x 10> cm?), as cylindrical
carbon-fiber microelectrodes are typically used for
dopamine detection in vivo."* 7 Disk electrodes
made from conventional carbon fibers do not offer
sufficient sensitivity for work in live tissue. Because
voltammetric current is proportional to the electrode
surface area, atomic force microscopy (AFM) was used
to estimate the roughness of the CNTy-D sensing
surface, compared to that of conventional carbon-fiber
microdisk electrodes. Quantitative analysis of these
data indicated that the root mean squared (rms) rough-
ness value inherent to the sensing surface of a standard
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Figure 2. (A) Representative three-dimensional AFM image of the CNTy-D electrode sensing surface, and (B) the associated
line plot from this sample.
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Figure 3. Fast-scan cyclic voltammetry at a conventional carbon-fiber microelectrode and a CNTy-D electrode. (A)
Representative cyclic voltammograms depicting non-faradaic background charging current. The charging current densities
recorded at the carbon-fiber microelectrode (gray) and the CNTy-D electrode (black) are similar in magnitude. (B)
Representative normalized voltammograms for 1 M dopamine collected at both electrode subtypes. The voltammogram
collected using the CNTy-D electrode clearly exhibits a decreased peak-to-peak separation.

TABLE 1. Analysis of Anodic and Cathodic Peak Currents, Redox Potentials, and Peak-to-Peak Separation for the
Detection of 1 xM Dopamine?

ipa (nR) pc (NA) indipa’ Ea (V) Exc (V) AE, (V)
NTy-D 22.67 + 2.34 2017 £ 245 0.89 + 0.04 0.34 £ 0.02 —0.06 = 0.02 0.40 + 0.01
conventional 19.78 + 2.82 13.14 + 253 0.66 + 0.03 0.47 + 0.01 —0.17 £ 001 0.64 + 0.02

“jn = 6, data are mean = SEM. Significant differences between CNTy-D and conventional carbon-fiber microelectrodes were determined by unpaired  test. ° p < 0.001.

carbon-fiber disk electrode was 13.8 (+0.8) nm,
whereas the roughness of the CNTy-D sensing surface
was significantly greater at 58.1 (+6.7) nm (p < 0.001,
n = 4). A representative AFM image of the sensing
surface of the CNTy-D electrode is shown in Figure 2.
An AFM image of the sensing surface of a standard
carbon-fiber disk electrode can be seen in reference 2.

Electrochemical Characterization of Carbon Nanotube Yarn
Using Fast-Scan Cyclic Voltammetry. In FSCV, application of
the electrochemical waveform generates a large, non-
faradaic background current, even in the absence of
analyte. This current is largely due to charging of the
double layer at the electrode surface.>® It is dependent
on electrode capacitance, which is proportional to
electrode area. Figure 3A compares the background
current density (current divided by geometric sensing
area) between the CNTy-D electrodes and cylindrical
carbon-fiber electrodes. The background current den-
sity is comparable between the two electrode types
(Figure 3A), but there are subtle differences in the
shape of these voltammograms. These differences
are more readily apparent when investigating the
normalized background-subtracted cyclic voltammo-
grams for 1 uM dopamine (Figure 3B). The oxidative
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and reductive peaks for dopamine occur at reduced
overpotentials when using the CNTy-D electrodes.
Furthermore, the cathodic/anodic peak current ratio
is significantly greater for CNTy-D electrodes than for
conventional carbon-fiber electrodes (p < 0.001, n =6).
These results are summarized in Table 1. They reflect
both faster (apparent) electron transfer kinetics at the
CNTy-D electrode substrate, as well as a different mass
transport profile at the surface of this sensor.

Figure 4A compares simulated voltammograms
for 1 uM dopamine detection at cylindrical and disk
microelectrodes. The simulation utilizes a finite differ-
ence model’'*? and a diffusion coefficient of 7 x
10% cm?/s. The rate constant for electron transfer (k)
was chosen to be 3 x 10° cm/s, to fit the experimental
data. A greater cathodic/anodic peak current ratio is
evident in the data simulated for the disk microelec-
trode. Figure 4B overlays voltammograms collected at
the CNTy-D and conventional carbon-fiber microelec-
trodes. The peak oxidation potential predicted by the
simulation (~0.46 V) correlates with the peak oxidation
potential evident in the voltammograms collected
using the conventional carbon-fiber microelectrodes
(dashed line). However, voltammograms collected using
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Figure 4. Voltammograms collected using the CNTy-D microelectrodes exhibit well-defined oxidative and reductive peaks at
significantly reduced overpotentials, as well as an enhanced cathodic/anodic peak current ratio. (A) Simulated and (B)
experimental voltammograms generated at cylindrical and disk microelectrodes in response to 1 M dopamine. Simulations
were performed using D = 7 x 10°° cm?/s. (C) Increasing k (cm/s) by 2 orders of magnitude results in a simulated
voltammogram that closely resembles the electrochemical response observed on CNTy-D electrodes.
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Figure 5. Dopamine voltammetry on carbon nanotube yarn electrodes. (A) Representative voltammograms for physiological
concentrations. (B) Calibration curve. The CNTy-D electrodes (red) are significantly more sensitive than conventional carbon-
fiber microelectrodes (blue, p < 0.001, Student's t test, n = 6). (C) Anodic current increases linearly with scan rate when
detecting 1 M dopamine using CNTy-D electrodes. (D) Voltammograms collected at scan rates ranging from 100 to 800 V/s.

Faster scan rates increase sensitivity and AE,.

the CNTy-D microelectrodes exhibit oxidative and reduc-
tive peaks at significantly reduced overpotentials and a
diminished peak width as compared to conventional
carbon-fiber electrodes. This is in agreement with pre-
vious research that has suggested that modifying a
carbon-fiber with CNTs can provide superior apparent
electron transfer kinetics.'">**° Indeed, the voltammo-
grams collected using the CNTy-D electrodes could
be forced to match the voltammograms simulated
for disk-shaped microelectrodes by increasing k by 2
orders of magnitude (Figure 4C). However in electro-
chemical monitoring, mass transport to the sensor
surface also plays a large role in determining the
electrochemical response. A previous work has shown
that voltammograms collected at glassy carbon elec-
trodes modified with MWNTs were effectively simu-
lated by a model incorporating a 'thin layer' mass
transport regime; a change in electrode kinetics was
not required.”® Those voltammograms exhibited ano-
dic peaks that were shifted to more negative poten-
tials, even approaching their formal potential values
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when the distance between individual nanotubes
on the carbon surface was minimized. However, the
detection of dopamine is adsorption-controlled, and a
distinction between thin-layer and adsorption effects is
not easily made.

A series of representative voltammograms col-
lected for the detection of dopamine using the CNTy-
D electrodes is shown in Figure 5A. A full data set was
used to construct a linear calibration curve for both the
CNTy-D and standard cylindrical carbon-fiber micro-
electrodes, where current density was plotted versus
analyte concentration (Figure 5B). A calibration curve
that does not account for electrode area (plotting
current versus analyte concentration) is presented as
Supplementary Figure S1. The CNTy-D electrodes are
significantly more sensitive than the conventional
carbon-fiber microelectrodes (p < 0.001, n = 6), as a
result of the enhanced mass transport to this modified
surface. They also exhibit a significantly lower theore-
tical limit of detection (defined as three times the
standard deviation of the noise) when compared to
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Figure 6. Voltammograms for several analytes commonly encountered in brain tissue. Normalized data collected using CNTy-
D electrodes are shown in red, and those collected using conventional carbon-fiber electrodes are shown in black. Potential
was scanned from —0.4 to +1.4 V and back at 400 V/s and applied at 10 Hz to allow for the detection of many analytes.

conventional carbon-fiber electrodes (13.4 + 1.7 nM
and 20.8 £ 1.3 nM, respectively, p < 0.01, n =9). This is
due to the low noise inherent to the CNTy-D electrodes.
The detection of dopamine at carbon-fiber electrodes
is adsorption-controlled, and thus the measured cur-
rent increases linearly with scan rate.”” This relation-
ship also holds at the CNTy-D electrodes (Figure 5C).
Using faster scan rates necessarily increases the peak-
to-peak separation; however, even at 800 V/s the peaks
were completely resolved in the potential window. This
demonstrates that faster scan rates, even beyond
those used here, can be exploited with this nanoscale
electrode material to further increase sensitivity and
temporal resolution.

Carbon Nanotube Yarn Facilitates Voltammetric Discrimina-
tion between Species. A major strength of voltammetry is
its ability to resolve multiple analytes in a complex
mixture. This is done by evaluating voltammetric peak
shape and position. To distinguish between chemical
species that are involved in diffusion-controlled, one-
electron electrolysis processes, the E°'s must differ by
at least 0.118 V.>® Thus, sharp and well-defined peaks
are a significant advantage when resolving multiple
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compounds, such as in the complex environment
of the brain. Voltammograms for several analytes
commonly encountered in live brain tissue were
collected using a broadly applicable electrochemical
waveform at CNTy-D and conventional cylinder car-
bon-fiber microelectrodes. The normalized voltammo-
grams are compared in Figure 6. In all cases, the
voltammograms collected using the CNT yarn (red)
exhibit sharper peaks and faster apparent electron
transfer kinetics when compared to the conventional
carbon-fiber microelectrodes (black), as well as en-
hanced cathodic/anodic current ratios. However, it
must be noted that the optimized waveform for ser-
otonin detection'® is considerably different from the
one applied here. Interestingly, when using the CNTy-D
electrode an extra peak is evident in the voltammo-
gram for adenosine (~530 mV) that has not been
previously reported when using a similar voltammetric
waveform.® This peak could aid in distinguishing ade-
nosine from other analytes that have electrochemical
features evident near the switching potential, such
as Hy0,,'%*® histamine,%°~% and shifts in pH."” It is
likely a product of adenosine polymerization onto the
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Figure 7. Carbon nanotube yarn electrodes demonstrate enhanced selectivity and sensitivity for multiple analytes. (A) The
square of the correlation coefficient (r*) for correlations between the voltammogram of each analyte and the voltammogram
for dopamine collected using CNTy-D electrodes (red) and conventional carbon-fiber microelectrodes (blue). (B) Current
density is significantly enhanced for dopamine, adenosine, serotonin, ascorbic acid, and DOPAC detection using CNTy-D
electrodes. The numbers in parentheses on the x-axis indicate the concentration used in M. The data is mean + SEM,
compared using Student's t test, n = 5; *p < 0.05, **p < 0.01, ***p < 0.001, respectively.

electrode surface, as it develops on a slower time scale
(Supplementary Figure S2). Finally, the voltammogram
for norepinephrine is indistinguishable from that of
dopamine,'® and the CNTy-D electrodes did not im-
prove this issue (data not shown).

To quantify the extent to which the carbon nano-
tube yarn facilitates voltammetric discrimination be-
tween species, a correlation coefficient (r) was cal-
culated for a comparison of the voltammogram for
each analyte to that of dopamine. A squared correla-
tion factor of 1.00 indicates an exact match; therefore a
lower correlation factor indicates improved discrimina-
tion between the analytes. The results show that CNTy-
D electrodes are significantly better able to distinguish
ascorbic acid, serotonin, and DOPAC from dopamine,
when compared to conventional carbon-fiber micro-
electrodes (Figure 7A). Adenosine and H,0, have low
correlations to dopamine on both electrode materials,
and thus no significant improvement was observed.
These data can also be used to assess sensitivity. The
current density for all of the analytes, with the excep-
tion of H,0,, is significantly greater on CNTy-D electro-
des than on the conventional carbon-fiber electrodes
(Figure 7B). These results demonstrate not only that
the CNTy-D electrodes are more adept at distinguish-
ing dopamine from other analytes but also that dopa-
mine detection is most significantly enhanced (180%
signal enhancement). This is likely due to the develop-
ment of additional oxygen-containing functional
groups on the abundant edge plane sites inherent to
carbon nanotubes.®* This would create a favorable
electrostatic interaction between positively charged
dopamine and the electrode surface, while also creat-
ing an electrostatic repulsion for ascorbic acid and
DOPAC, which are negatively charged at physiological
pH. Adenosine and H,0, are neutral at physiological
pH. Serotonin is positively charged at physiological pH;
however, it is also known to foul the electrode surface
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when applying the waveform used here."® Such foul-
ing could be enhanced at the CNTy-D electrode, due to
the large surface area and the oxygen functionalities
inherent to the exposed nanotube ends. This would
diminish signal enhancement. However, a recent re-
port noted that carbon nanotube fiber microelectrodes
show a higher resistance to dopamine fouling when
compared to traditional carbon-fiber microelectrodes.*®

Voltammetric Detection of Dopamine in Live Brain Tissue.
To directly demonstrate that CNTy-D electrodes pro-
vide an attractive alternative to standard cylindrical
carbon-fiber microelectrodes for work in brain tissue,
single CNTy-D microelectrodes were inserted at least
100 um into a section of a rat brain slice (400 xm overall
slice thickness) that encompassed the striatum, a
region with nerve terminals containing the neurotrans-
mitter dopamine. A bipolar stimulating electrode was
placed in the vicinity of the working electrode, and
dopamine release was electrically evoked. Representa-
tive voltammetric data are presented in Figure 8.
Figure 8B shows a representative data set of 300
background-subtracted cyclic voltammograms. The
applied potential (V) is the ordinate, the time (s) is
the abscissa, and current (nA) is depicted in false
color.®® Plotting the data in this way enables visualiza-
tion of current collected across the entire potential
range and facile identification of interfering species
and noise. No current is detected until the onset of the
electrical stimulation (arrow), and the current is selec-
tively associated with the oxidation and reduction of
dopamine. Figure 8A presents the concentration versus
time trace created by extracting the current at the peak
oxidation potential for dopamine (dashed horizontal
line) and converting it to concentration upon electrode
calibration. A single cyclic voltammogram extracted
from the data (dashed vertical line) is presented in
the inset in Figure 8A. These data demonstrate that
the CNTy-D microelectrodes are well suited for work in
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Figure 8. Endogenous dopamine detection using disk-shaped carbon nanotube yarn electrodes in living brain tissue. (A)
Representative current versus time trace collected at the peak oxidation potential for dopamine with concentration
determined by electrode calibration. Electrical stimulation occurred at the time indicated by the arrow. Inset: Normalized
representative voltammograms corresponding to dopamine on CNTy-D (red) and conventional carbon-fiber (black)
electrodes. (B) Three-dimensional colorplot of raw data collected in striatal tissue using a CNTy-D electrode. The ordinate
is the applied potential, the abscissa is time (s), and the current (nA) is depicted in false color.

brain tissue, as they retain a low noise profile at all
potentials and serve to readily quantify dopamine
fluctuations in the striatum. They also offer an elec-
trode geometry that enables sensing from discrete
neural circuits.

CONCLUSION

We have shown that microelectrodes constructed
from a carbon nanotube yarn provide an attractive
alternative to conventional carbon-fiber microelec-
trodes offering several advantages. These electrodes
exhibit faster apparent electron transfer kinetics that
are manifested as sharper voltammetric peaks. As a
consequence, qualitative identification of analytes is
enhanced. Additionally, we have shown that the CNTy-D
electrodes exhibit an enhanced sensitivity to many

METHODS

Chemicals. All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received, unless otherwise specified.
Electrochemical experiments were carried out in phosphate
buffered saline (0.1 M PBS) at physiological pH 7.4. Brain slice
experiments used artificial cerebral spinal fluid (aCSF) saturated
with 95% O, and 5% CO,, at physiological pH 7.4. aCSF con-
sisted of 124 mM NaCl, 26 mM NaHCOs, 3.7 mM KCl, 2.4 mM
CaCly, 1.3 mM MgCl,, 1.3 mM NaH,PO,4, and 10 mM glucose.
All aqueous solutions were made from double deionized water
>18 MQ cm (Millipore, Billerica, MA).

Carbon Nanotube Yarn Fabrication. The vertically aligned multi-
walled carbon nanotube (MWCNT) arrays were grown on quartz
substrates by the “chloride mediated chemical vapor deposition
(CVD)” method.®® The as-synthesized MWCNTSs had a height of
1.1 mm, an outer diameter of ~40—50 nm, and approximately
40 walls. The array height was measured using a calibrated
scale bar in an optical microscope (30x). The diameter of the
MWCNTs was measured using ImageJ software, based on the
transmission electron microscopy (TEM) images acquired by a
JEOL 2000FX TEM operated at 200 kV. CNT ribbons maintained
at 4 mm width were pulled out from the array by hand using
tweezers and then attached to a spindle using a piece of
double-sided tape. CNT yarns were formed by simultaneous
drawing and rotating of the spindle. The twist angle and yarn
diameter were measured by a JEOL 6400 scanning electron
microscope (SEM) and were maintained at ~20° and ~30 um,
respectively.
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analytes commonly encountered in brain tissue. This
work demonstrates that crafting electrodes made
purely of carbon nanotubes is a viable and promising
approach to improve the spatial, temporal, and electro-
chemical resolution of in vivo electrochemistry, even in
the absence of a conventional base electrode sub-
strate for detection within living tissue. It lays the
foundation for a new generation of in vivo sensors;
however, it is only a preliminary exploration of the
potential offered by this new technology. The properties
of the carbon nanotube yarns are dependent on the
nanotubes used to create them, as well as the twist
angle used in spinning. Thus, the material is highly
customizable and can be tailored to the kinetic and
spatial constraints associated with a given electroche-
mical experiment.

Electrode Fabrication. All electrochemical experiments were
carried out with cylindrical carbon-fiber microelectrodes cre-
ated using T-650/35 PAN based carbon fibers (T-650), microdisk
electrodes created using P-55 PITCH based carbon fibers (P-55)
(both Cytec Industries, West Patterson, NJ), or disk microelec-
trodes created using the carbon nanotube yarn (CNTy-D
electrodes). The cylinder microelectrodes were fabricated as
described previously.> Briefly, a single 7 um diameter fiber
was aspirated into a single borosilicate glass capillary (1.0 mm x
0.5 mm, A-M Systems, Carlsburg, WA). Using a micropipet puller
(Narishige, Tokyo, Japan) the glass was tapered to form sealed
microelectrodes that were cut to a length of 100 um of exposed
carbon. Disk-shaped microelectrodes were fabricated in a simi-
lar fashion, except that pulled microelectrodes were cut at the
glass seal, then dipped in epoxy for 30 s, and oven-dried. Finally,
the electrodes were polished at a 30° angle into an elliptical disk
(Figure 1B).

Geometric sensing areas were calculated on the basis of
electrode diameter. The diameter of disk electrodes was esti-
mated by averaging the long and short axes of the elliptical
sensing area evident in the SEMs. For CNTy-D electrodes, this
area was calculated to be 8.08 (£0.86) x 107° cm? (n = 5). The
true surface area is likely to be larger due to the roughness
inherent to the surface.

To establish an electrical connection with the carbon, the
glass capillary was backfilled with ionic solution (4 M potassium
acetate, 150 mM KCI), and a lead was inserted. All measure-
ments were recorded against a Ag/AgCl reference electrode
(World Precision Instruments, Inc., Sarasota, FL).
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Surface Analysis. AFM of the electrode surface was done with
a Veeco D3000 microscope (Plainview, NY) using tips from
Nanosensors (PPP-HCH, Neuchatel, Switzerland) with a nominal
resonance of 280 kHz.

Flow Injection. All data, with the exception of brain slice
experiments, were collected in a custom-built flow injection
apparatus housed within a Faraday cage. A syringe pump
(New Era Pump Systems, Inc., Wantagh, NY) supplied a contin-
uous buffer flow of 1 mL/min across both the working and
reference electrode. The working electrode was lowered into
the electrochemical cell via a micromanipulator (World Preci-
sion Instruments, Inc., Sarasota, FL). Two-second bolus injec-
tions of analyte were accomplished using a six-port HPLC valve
and air actuator controlled by a digital valve interface (Valco
Instruments Co., Inc,, Houston, TX).

Electrochemical Waveforms and Data Acquisition. A triangular wa-
veform was used for analyte detection. The applied potential
ranged from —0.4 to +1.3V and back to —0.4 V unless otherwise
specified. It was scanned at a rate of 400 V/s and applied at a
frequency of 10 Hz. The CNTy-D electrodes were electrochemi-
cally pretreated for 1 min using a waveform ranging from —0.5 to
1.6V, applied at 10 Hz. The conventional carbon-fiber electrodes
were not pretreated in this way as some became unusable after
the treatment. The waveforms were output using a custom-built
instrument for potential application to the electrochemical cell
and current transduction (University of North Carolina at Chapel
Hill, Department of Chemistry, Electronics Facility). TH-1 software
(ESA, Chelmsford, MA) was used for waveform output with a
DAC/ADC card (N16251 M). A second card (NI 6711) was used for
synchronization of the electrochemical experiment with the flow
injection system. Signal processing (background subtraction and
signal averaging) was software-controlled.

Brain Slice Preparation. Male Sprague-Dawley rats (250—300 g,
Charles River Laboratories, Raleigh, NC) were decapitated after
being deeply anesthetized with urethane (1.5 g/kg, ip). The
brain was rapidly removed, mounted, and placed in cold aCSF.
Coronal slices with a thickness of 400 um containing the
striatum were obtained with a vibratome (World Precision
Instruments, Sarasota, FL). The slices were allowed to rest in
the buffer for at least 1 h before the start of an experiment. Brain
slices were subsequently placed in a recording chamber
(Warner Instruments, Hamden, CT) and superfused with aCSF
buffer maintained at 34 °Cfor at least 1 h. The working electrode
and bipolar stimulating electrode placements were made with
the aid of a microscope (Nikon Instruments, Inc., Melville, NY),
and the microelectrodes were positioned about 100 um below
the surface of the slice. Electrical stimulation of nerve terminals
consisted of five 500 uA pulses at 60 Hz using a pulse width
of 4 ms. Animal care and use was in complete accordance with
institutional guidelines and IACUC.

Data Analysis and Statistics. All data presented are shown as the
mean =+ standard error of the mean (SEM). Unpaired t tests were
used to determine the significance of means between two
groups. Statistical and graphical analyses were carried out using
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA). Digital
simulation was performed using DigiSim Simulation Software
for Voltammetry (BASi, West Lafayette, IN).
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