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Abstract
Fast-scan cyclic voltammetry with carbon-fiber microelectrodes has been successfully used to
detect catecholamine release in vivo. Generally, waveforms with anodic voltage limits of 1.0 V or
1.3 V (vs. Ag/AgCl) are used for detection. The 1.0 V excursion provides good temporal
resolution, but suffers from a lack of sensitivity. The 1.3 V excursion increases sensitivity, but also
increases response time which can blur the detection of neurochemical events. Here, the scan rate
was increased to improve the sensitivity of the 1.0 V excursion while maintaining the rapid
temporal response. However, increasing scan rate increases both the desired faradaic current
response and the already large charging current associated with the voltage sweep. Analog
background subtraction was used to prevent the analog-to-digital converter from saturating from
the high currents generated with increasing scan rate by neutralizing some of the charging current.
In vitro results with the 1.0 V waveform showed approximately a four-fold increase in signal to
noise ratio with maintenance of the desired faster response time by increasing scan rate up to 2400
V/s. In vivo, stable stimulated release was detected with an approximate four-fold increase in peak
current. The scan rate of the 1.3 V waveform was also increased, but the signal was unstable with
time in vitro and in vivo. Adapting the 1.3 V triangular wave into a sawhorse design prevented
signal decay and increased the faradaic response. The use of the 1.3 V sawhorse waveform
decreased the detection limit of dopamine with FSCV to 0.96 ± 0.08 nM in vitro and showed
improved performance in vivo without affecting the neuronal environment. Electron microscopy
showed dopamine sensitivity is in a quasi-steady state with carbon-fiber microelectrodes scanned
to potentials above 1.0 V.
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INTRODUCTION
Fast-scan cyclic voltammetry (FSCV) with carbon-fiber microelectrodes is a useful
technique for the in vitro and in vivo detection of various electroactive species including
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catecholamines. FSCV offers many advantages including sub-second time resolution, high
spatial resolution, moderate selectivity, and excellent sensitivity.1 These advantages have
allowed users to probe neurochemical signaling dynamics in single cells, adrenal slices,
brain slices, and in the intact brains of anesthetized and freely moving rats.1–3

Several approaches have been used to improve the signal-to-noise ratios in the detection of
neuromodulators with FSCV including improving electrode fabrication4, 5, signal
processing4, 6, instrumentation7, 8, and the incorporation of novel electrode coatings.9, 10

Electrochemical pretreatment also enhances sensitivity towards catecholamines through the
creation of adsorption sites.11–14 Traditional experiments employed FSCV waveforms that
had an anodic potential limit of 1.0 V (vs. Ag/AgCl), which provided for good temporal
resolution.14 These waveforms suffered from a lack of sensitivity so waveforms with an
anodic limit of 1.3 V are frequently used to provide increased sensitivity in vivo.15–17

However, the increase in catecholamine adsorption sites associated with higher anodic limits
that improve sensitivity increases the response time of the carbon-fiber microelectrode.14

Cyclic voltammetry theory predicts that peak current for diffusion-mediated electron
transfer varies with the square root of scan rate while peak current for species that adsorb to
the electrode surface scales proportionally with scan rate.18 Catecholamines such as
dopamine strongly adsorb to the electrode surface14, 19, 20 so increasing scan rate
proportionally increases their faradaic response. Increasing the scan rate above the
traditional14 300–400 V/s range is advantageous in the detection of neuromodulators and has
been used previously.19, 21–25

Unfortunately, charging current also increases proportionally with scan rate.26 Charging
current overwhelms the faradaic signal at the small concentrations of neurotransmitters
typically measured, but can be digitally subtracted over short time scales such that only the
signal of interest is viewed.8 However, the large charging current is still measured at the
working electrode and leads to numerous disadvantages. First, it can saturate the current-to-
voltage converter because of its finite power supply and/or the analog-to-digital converter
(ADC) because of its limited voltage range. Also, large charging currents force lower gains
to be used which increase quantization error and digitization noise.27, 28 Dynamically
changing the gain requires either the reconfiguration of the current-to-voltage converter or
the use of a potentiostat with an adjustable gain, both of which are impractical for
experiments in behaving animals.

Recently, analog background subtraction (ABS) was developed in our lab to remove
charging current in real time before digitization.28 In this approach, charging current is
recorded and played back at the summing point of the current-to-voltage converter thereby
nulling the output in a procedure similar to that of some noise-cancelling headphones. ABS
was successfully used to decrease quantization noise and enabled continuous FSCV
measurements for up to 30 minutes.

Here, dopamine sensitivity was increased by scanning faster than 400 V/s, but ABS was
used to decrease the larger charging currents associated with scanning faster, thereby
circumventing the aforementioned disadvantages. One goal was to create a more sensitive
1.0 V excursion while maintaining rapid response time. Another aim was to develop an
ultra-sensitive 1.3 V sweep to detect even smaller dopamine signaling events.
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EXPERIMENTAL SECTION
Chemicals

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and were used as received.
Solutions were prepared in doubly distilled deionized water. In vitro experiments were
conducted in PBS buffer (10 mM NaH2PO4, 140 mM NaCl, 3 mM KCl, adjusted to pH 7.4
with concentrated NaOH). Dopamine stock solutions were prepared in 0.1 N perchloric acid
and were diluted with PBS buffer on the day of use. Both the PBS buffer and dopamine
solutions were N2 saturated to prevent oxidative degradation of dopamine over the course of
the experiment.

Electrode fabrication
T-650 type (Thornel, Amoco Corporation, Greenville, SC) cylindrical carbon-fiber
microelectrodes were fabricated as previously described.29 The carbon-fibers were cut to a
length of 50–75 μm with a scalpel. All electrodes were soaked in isopropanol purified with
Norit A activated carbon for at least 20 minutes before use.19

Data acquisition
Data was acquired using locally constructed hardware (Carolina Chemistry Electronics
Facility) and software in the LabVIEW programming environment (National Instruments,
Austin, TX) as described previously.7, 28 The voltammetric waveform was generated and the
data was acquired using a PCI-6052E DAC/ADC card (16 bit, National Instruments). A PCI
6711 card was used for synchronization and flow injection analysis control. Typically,
voltammetric waveforms are also low-pass filtered at 2 kHz to remove digitization
noise.30, 31 This filter was unsuitable for the use of faster scan rates and was removed.

Electrochemical experiments
A Ag/AgCl reference electrode was used for all electrochemical experiments. All
experiments were performed in a grounded Faraday cage to reduce noise. Several voltage
excursions at varying scan rates were used in this work. First, a triangular cyclic sweep from
−0.4 V to 1.0 V back to −0.4 V (the “1.0 V waveform”) was used at scan rates varying from
400 V/s to 2400 V/s. Second, a triangular cyclic sweep from −0.4 V to 1.3 V back to −0.4 V
(the “1.3 V cyclic waveform”) was used at scan rates of 400 V/s and 2400 V/s. Finally, a
voltage excursion was constructed in piecemeal fashion by ramping from −0.4 V to 1.3 V at
2400 V/s, holding at 1.3 V for 0.55 ms, and ramping back to −0.4 V at 2400 V/s. The
resulting waveform shape resembled a sawhorse pattern (the “1.3 V sawhorse waveform”,
vide infra). The number of steps in the voltage waveform was changed with scan rate to
maintain the same sampling frequency throughout all experiments. All waveforms used a
holding voltage of −0.4 V between voltammetric sweeps.

All experiments began with either the 1.0 V waveform or the 1.3 V cyclic waveform at 400
V/s. Electrodes were cycled with the corresponding waveform for 15 minutes at 60 Hz and
10 Hz for 15 minutes before use. Afterwards, experiments were conducted with a waveform
application frequency of 10 Hz. In vitro experiments were conducted using a flow injection
analysis system to expose carbon-fiber microelectrodes to a bolus of analyte.32 In vivo
experiments were performed in male Sprague-Dawley rats (~ 350 g, Charles River,
Wilmington, MA) anesthetized with urethane (1.5 g/kg i.p., made in a 50% w/w solution of
saline) as described previously.28 Holes were drilled for the carbon-fiber microelectrode in
the striatum (+1.3 A/P, +2.3 M/L, −4.0 to −7.5 D/V, in mm relative to bregma), a
stimulating electrode in the ventral tegmental area (−5.2 A/P, +1.0 M/L, −7.0 to −9.0 D/V),
and a reference placed contralateral to the carbon-fiber microelectrode. A bipolar
stimulating electrode was used (Plastics One, Roanoke, VA). Biphasic stimulations (300 μA,
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60 Hz, 40 pulses, 2 ms each phase) were delivered using optically isolated constant current
stimulators (Digitimer Ltd., Letchworth, UK).

Data analysis
All analyses were conducted using locally written LabVIEW software (National
Instruments, Austin, TX), Microsoft Excel (Redmond, WA), and MATLAB (Mathworks,
Natick, MA). Statistical tests were performed using GraphPad Prism (GraphPad Software
Inc., San Diego, CA). All values and traces are reported as averages ± standard error of the
mean. For quantitation of peak currents, noise was removed using only a nearest-neighbor
smoothing algorithm as was done previously for faster scan rate experiments.19 For the
calculation of temporal responses, noise was removed solely with a 4th order Bessel low-
pass filter. The frequency of the filter in Hz was chosen by multiplying the scan rate by five
(ex: 400 V/s filtered at 2 kHz, 800 V/s filtered at 4 kHz, etc.). Response time was quantified
to be the amount of time necessary for the peak current to rise from 0% to 90% of its
maximum value. The calculation of quantization noise and signal-to-noise ratios is described
in Supporting Information.

Etching studies
Scanning electron microscopy was used to study the effect of the applied waveform on the
carbon-fiber microelectrode.31 Carbon-fiber microelectrodes were imaged before and after
waveform application in vitro, with the procedure adapted from previous work31 (detailed in
Supporting Information). A one-way ANOVA with Bonferroni’s post-test was used to
determine significant differences between groups.

Use of ABS for faster scan rate experiments
Figure S-1 shows how ABS was used for faster scan rate experiments. First, charging
current was recorded at 400 V/s in the absence of analyte, digitized, and fed into the
summing point of the current to voltage converter as a voltage signal.28 The addition of this
signal at the summing point of the current-to-voltage converter will initially yield a zeroed
output. Next, the scan rate was increased which results in a larger charging current at the
working electrode, but because some of the current can be neutralized, the output voltage
will not saturate the ADC. The resulting output was then digitized and digitally background-
subtracted8 to generate analyte cyclic voltammograms and color plots.33

Effect of increased charging current on neuronal firing
Combined iontophoresis, ABS, and electrophysiology experiments were performed to study
the effect of the increased charging current on local neuronal firing in anesthetized animals.
The procedure was adapted from previous work, with filtering and analysis being performed
as described elsewhere.34, 35 A PCI 6040E card was used for electrophysiology recordings
and a locally constructed headstage was used that incorporated a solid-state relay that
switched between a current-to-voltage converter capable of performing ABS for
voltammetric scans and a voltage follower for unit recordings. A multibarrel carbon-fiber
microelectrode capable of performing iontophoresis was used for the combined
electrochemistry/electrophysiology experiment, whose construction is described
elsewhere.34 The Ag/AgCl electrode served as the reference for both the electrochemical
and electrophysiological experiments, as well as the return for the iontophoresis current.

The dorsal-ventral position of the working and stimulating electrodes was optimized to
ensure the experiments were performed in an area displaying stimulated dopamine release.
Next, a 200 mM L-glutamate solution was locally iontophoresed using a constant current
source (15 nA–35 nA, Neurophore, Harvard Apparatus, Holliston, MA) into the
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extracellular environment at the carbon-fiber microelectrode tip to evoke firing of medium
spiny neurons in the anesthetized animal.36, 37 Units were then recorded for 10 minutes to
ensure a stable baseline.

The waveform application frequency was 5 Hz for these experiments. The duration of the
voltammetric scans was 20 ms, which included the voltammetric sweep time and amplifier
settling time. The remaining 180 ms was used for unit recording.

RESULTS AND DISCUSSION
Scanning faster with the 1.0 V waveform

Figure 1 shows the effect of increasing scan rate with the 1.0 V waveform. Figure 1A shows
normalized peak current versus time traces for a 1 μM dopamine injection in vitro at various
scan rates. The rapid response time of the 1.0 V waveform was not significantly different
between 400, 800, 1200, 1600, 2000, and 2400 V/s (N = 5 electrodes, P = 0.5113, repeated
measures ANOVA), even though peak current increased with scan rate (Figure S-2).

Previous work has shown that a major noise source of FSCV measurements is the finite step
size of data quantization.28 Since gain of the current-to-voltage converter remained
unchanged while increasing scan rate in this work, the noise level should remain constant.
While quantization noise was independent of scan rate (N = 5 electrodes, P = 0.5707,
repeated measures ANOVA), electrode drift increased as the scan rate was increased.

Figure 1B shows the current versus time trace taken at the oxidation potential of dopamine
during a stimulated release event in vivo. The measured dopamine current increased
throughout the duration of the stimulation and uptake caused the current response to
decrease after the stimulation ended as dopamine was removed from the extracellular space.
Figure 1C shows cyclic voltammograms measured from ten consecutive stimulated
dopamine release events in vivo at 2400 V/s (solid traces), compared to the response
measured at 400 V/s (dotted trace) with the 1.0 V waveform.

Increasing the scan rate to 2400 V/s increased the faradaic response, but there was a 190 mV
shift in peak potential. This peak shift at high scan rates has been reported before19, 25 and
was likely due to a combination of slow kinetics of dopamine oxidation38, 39, an increased
cell time constant, and ohmic drop40, 41, both of which are larger for cylindrical
microelectrodes42 compared to disc microelectrodes43. The capacitance of the glass coated
portion of the carbon-fiber microelectrode present with longer electrode tapers may also
play a role.41 The time constant of the current-to-voltage converter was approximately 2.4
μs which negligibly distorts the measured response.44 While undesirable, this peak shift did
not interfere with dopamine identification but 2400 V/s was chosen as the maximal scan rate
to prevent oxidation from occurring past the 1.0 V switching potential.

The stability of the increased faradaic response in vitro and in vivo was examined.
Increasing scan rate from 400 V/s to 2400 V/s with the 1.0 V waveform initially gave a 4.8
± 0.1 fold increase in peak current in vitro that stabilized to a 4.4 ± 0.1 fold increase after
approximately 20 minutes (Figure 1D, filled squares, N = 5 electrodes). Dopamine is known
to strongly adsorb to the carbon-fiber microelectrode using this waveform because of the
negative holding potential and electrostatic effects;14, 19, 31 therefore, peak current should
scale in direct proportion with scan rate. Since the amount of dopamine that is oxidized
should remain constant, integral charge should also remain constant. However, the
broadening shift of the oxidation peak (Figure 1C) would cause peak current to be smaller
than theory predicts to maintain the same overall peak area (Figure S-2). The less than
expected fold increase in peak current did not depend on the buffer used, as a 4.3 ± 0.2 fold
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increase in peak current was measured in HEPES (20 mM HEPES, 150 mM NaCl, 1.2 mM
CaCl2) when scan rate was increased from 400 V/s to 2400 V/s with the 1.0 V waveform
which was not significantly different from that measured in PBS (N = 4, P = 0.6875,
unpaired t-test).

ABS was originally used to increase signal to noise ratios of electrochemical measurements
by decreasing quantization noise.28 The combination of ABS and increased scan rate was
used to increase the signal to noise ratio for 1 μM dopamine approximately 4-fold in vitro
from 333 ± 48 at 400 V/s to 1321 ± 187 at 2400 V/s. However, this value is slightly less
than expected for the 4.4-fold increase in signal. The addition of the background signal
necessary for current subtraction with faster scan rate experiments likely introduces noise
into the system. Also, the lack of a ramp filter likely introduces greater noise at higher scan
rates.7 Assuming a limit of detection of three times the standard deviation of the noise (3σ)
in the peak current versus time dimension, these signal-to-noise ratios correspond to
theoretical limits of detection of 9.7 ± 1.3 nM at 400 V/s to 2.5 ± 0.3 nM at 2400 V/s.

In vivo, a stable 4.1 ± 0.1 fold increase in oxidative peak current of stimulated dopamine
release was detected (Figure 1D, open circles, N = 5). The relative standard deviations of
stimulated dopamine release oxidative peak currents at 400 V/s and 2400 V/s were 2.9 ±
0.4% and 4.3 ± 1.0%, respectively and were not significantly different (N = 5, P = 0.1958,
paired t-test). Taken together, these results show the desired temporal response of the 1.0 V
waveform is maintained at higher scan rates and dopamine release in vivo remained stable
with higher scan rates with the 1.0 V waveform.

Scanning faster with the 1.3 V cyclic waveform
The scan rate of the 1.3 V cyclic waveform was increased to create an ultra-sensitive voltage
sweep. Figure 2 shows the effect of increasing scan rate with the 1.3 V cyclic waveform.
Unlike the 1.0 V waveform, the 1.3 V cyclic waveform showed an unstable increase in peak
current both in vitro and in vivo, as shown in Figure 2A. Figure 2B shows in vivo cyclic
voltammograms of ten consecutive stimulated dopamine release events measured at 2400 V/
s with the 1.3 V cyclic waveform every four minutes (solid lines). Again, a peak shift was
apparent compared to the cyclic voltammogram measured at 400 V/s (dashed line).

Figure 2A showed that increasing scan rate 6-fold increased the peak current 7.2 ± 0.1 fold
in vitro (N = 5 electrodes). To investigate this, in vitro cyclic voltammograms were
integrated to calculate charge as a function of time for the in vitro data shown in Figure 2A
with the results plotted in Figure 2C. Ideally, charge should remain constant as scan rate is
increased as long as the number of moles of dopamine electrolyzed does not change. Upon
switching from 400 V/s to 2400 V/s with the 1.3 V cyclic waveform, there was an initial 53
± 3% (N = 5 electrodes) increase in charge that quickly decayed over time. When switching
back to 400 V/s, there was significantly less charge than there had been during the 400 V/s
baseline period, but integral charge returned to baseline after approximately 20 minutes.

Only an increase in electrode area and/or adsorbed species would result in a higher than
expected peak current for adsorption-mediated electron transfer.18 While the 1.3 V cyclic
waveform is known to oxidatively etch carbon-fiber surfaces, it is unlikely that electrode
area changed in such an erratic manner so quickly because the oxidative etch is mild
compared to other voltammetric excursions which are known to fracture carbon surfaces.31

Instead, this result suggests that the amount of dopamine adsorbed on the carbon-fiber
microelectrode surface increased upon increasing scan rate. In other words, surface
chemistry rather than surface structure likely changes, as hypothesized previously.11
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The duration of the 1.3 V cyclic waveform at 400 V/s is 8.5 ms, compared to 1.4 ms at 2400
V/s, so some of the increased adsorption could be due to an increased holding time. Taking
into account that dopamine can still adsorb during the voltage sweep before its oxidation,19

the holding time at 2400 V/s is equivalent to an application frequency of 9.4 Hz at 400 V/s
with the 1.3 V cyclic waveform. Charge did not significantly change with this longer
holding time at 400 V/s (N = 3, P = 0.9015, paired t-test) so the increase in charge seen at
2400 V/s with the 1.3 V cyclic waveform was due to an increase in adsorption site
availability.

While the exact potential necessary to oxidatively etch the carbon-fiber surface for enhanced
sensitivity is unknown, each 1.3 V cyclic sweep at 400 V/s spends approximately 1.5 ms
above 1.0 V as shown in Figure S-3A. Increasing scan rate to 2400 V/s decreases this time
by 6 to approximately 250 μs (Figure S-3B). We previously hypothesized that adsorption
sites are consumed with a Kolbe-like electrolysis that occurs at potentials above 1.0 V.31

Decreasing the amount of time at potentials above 1.0 V would also prevent adsorption site
degradation, thereby increasing the number of available sites for dopamine adsorption which
could explain the increase in measured charge. If an oxidative etching mechanism maintains
adsorption sites necessary for dopamine sensitivity, scanning faster would decrease the
amount of time spent at potentials necessary for this process to occur. As time progresses,
sensitivity could decrease as adsorption sites foul, possibly due to irreversible adsorption of
impurities or oxidative byproducts.31

Supporting this hypothesis, Hafizi et al. described decreasing sensitivity with time as the
anodic voltage limit of the applied waveform was switched from 1.4 V to 1.0 V.11

Specifically, they describe a “semi-reversible change in the electrode surface”, which likely
also explains the return to baseline behavior seen in Figure 2C after switching back to 400
V/s from 2400 V/s. The authors go on to state that continual application of the 1.4 V
waveform was necessary for maintenance of enhanced sensitivity with time.

Interestingly, switching from 400 V/s to 2400 V/s also decreased the response time of the
1.3 V cyclic waveform by 60 ± 5% (N = 5) as shown in Figure 2D. This decreased response
time occurred even though more material was adsorbed on the carbon-fiber microelectrode
surface (Figure 2C). If the amount of time spent at potentials above 1.0 V becomes
insufficient for surface activation, the temporal response of the 1.3 V cyclic waveform at
2400 V/s may become similar to that seen with the 1.0 V waveform. Taken together, these
data show how scanning to anodic potentials higher than 1.0 V on carbon-fiber
microelectrodes creates a quasi-steady state electrochemical surface.

Modification of the 1.3 V cyclic waveform for maintaining increased sensitivity
The 1.3 V cyclic waveform was adapted to correct the unstable loss in sensitivity over time.
To increase the sensitivity, the scan rate was increased from 400 V/s to 2400 V/s. An anodic
holding time was added at the switching potential between the anodic and cathodic voltage
sweeps to create a 1.3 V sawhorse-shaped waveform as shown in Figure S-3C. For a stable
response, the ideal anodic holding time between the oxidative and reductive sweeps was
0.55 ms for a total waveform length of 1.97 ms. If the anodic holding time was less than
0.55 ms, the performance mimicked the response seen in Figure 2A. If the anodic holding
time was greater than 0.55 ms, the opposite trend was seen with an unstable increase in
dopamine sensitivity (data not shown).

Figure 3 shows the in vitro performance of the 1.3 V sawhorse waveform. A representative
cyclic voltammogram for 1 μM dopamine with the 1.3 V sawhorse waveform at 2400 V/s is
shown in Figure 3A (solid trace) with the response towards dopamine at 400 V/s with the
1.3 V cyclic waveform with the same electrode is also shown (dashed trace) for comparison.
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The response time of the 1.3 V sawhorse waveform at 2400 V/s also decreased by 26 ± 6%
(N = 5 electrodes) as shown in Figure 3B.

The 1.3 V sawhorse waveform at 2400 V/s corrected the instability measured with the 1.3 V
cyclic waveform at 2400 V/s (Figure 3C, N = 5 electrodes). The application of the 1.3 V
sawhorse waveform at 2400 V/s also significantly increased voltammetric noise by 7.9 ±
1.8%, which remained elevated even after switching back to the 1.3 V cyclic waveform at
400 V/s (N = 5, P = 0.0015, repeated measures ANOVA). In all, the signal-to-noise ratio for
1 μM dopamine increased from 602 ± 73 to 3322 ± 311 when switching from the 1.3 V
cyclic waveform at 400 V/s to the 1.3 V sawhorse waveform at 2400 V/s, respectively.
Assuming a limit of detection of 3σ, these signal to noise ratios correspond to a lowering of
the theoretical limits of detection from 5.3 ± 0.7 nM to 0.96 ± 0.08 nM when switching from
the 1.3 V cyclic waveform at 400 V/s to the 1.3 V sawhorse waveform at 2400 V/s,
respectively.

Integrating oxidative peak current showed that upon switching to the 1.3 V sawhorse
waveform at 2400 V/s, charge initially increased 39 ± 2% in vitro and showed a stable level
of adsorption throughout the period of waveform application. Again, it is unlikely that
electrode area would show such a rapid increase, only to return to baseline when switching
back to the 1.3 V cyclic waveform at 400 V/s. Instead, it is more likely that the application
of the 1.3 V sawhorse waveform at 2400 V/s increased the amount of material adsorbed to
the carbon-fiber microelectrode surface. Interestingly, the response time decreased in vitro
(Figure 3B) despite having more material adsorbed. This implies that the 1.3 V sawhorse
waveform at 2400 V/s, the 1.3 V cyclic waveforms at 400 V/s and 2400 V/s, and the 1.0 V
waveform at all scan rates had distinct surface chemistries that adsorbed dopamine
differently in vitro.

The performance of the 1.3 V sawhorse waveform at 2400 V/s in vivo is shown in Figure 4.
Representative color plots show that the measured faradaic response increased (Figures 4A
and 4B). Overall, there was a stable 4.3 ± 0.3 fold increase in peak current of stimulated
dopamine release (N = 8 locations in seven rats), similar to that seen with the 1.0 V
waveform at 2400 V/s (Figure 1D). One animal showed over a 40% decrease in peak current
after switching to the 1.3 V sawhorse waveform at 2400 V/s and these data were discarded.
The average relative standard deviation of stimulated dopamine release peak currents
significantly increased from 2.5 ± 0.3 % with the 1.3 V cyclic waveform at 400 V/s to 5.6 ±
1.0% with the 1.3 V sawhorse waveform at 2400 V/s (N = 8, P = 0.0468, paired t-test) but
was still small overall and was well within the known stability of stimulated dopamine
release over time.45 Integrating oxidative peak current showed that, except for the stimulated
release events immediately following the switches in waveforms, charge remained constant
throughout the course of the in vivo experiment (Figure 4D).

Effect of increased charging currents on local neuronal activity in vivo
A combined electrochemistry and electrophysiology experiment35, 46 was performed to
examine if the large charging currents generated by the 1.3 V sawhorse waveform at 2400
V/s effects local cell firing in vivo. With the exception of chronoamperometry with larger
electrodes,47 previous work has shown that currents associated with electrochemical
measurements performed with microelectrodes are too small to impact neuronal firing.48–51

However, the charging currents generated at the working electrode by scanning faster are
larger (typically between 2.5 μA to 3.5 μA for the 1.3 V sawhorse waveform at 2400 V/s).

The firing rate of neurons in anesthetized animals is generally low so glutamate was locally
delivered in vivo to evoke cell firing.36, 37 A multibarrel iontophoresis probe34 was used to
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deliver glutamate to the same local area in which the charging current was generated and the
electrophysiological recordings were made.

Figure 5 shows the effect of increased charging current on glutamate-evoked cell firing (N =
21 cells in 4 rats). The iontophoresis probe evoked cell firing of striatal neurons in the
anesthetized animal while simultaneously measuring their firing pattern, as well as
performing a voltammetric measurement. The 1.3 V sawhorse waveform at 2400 V/s did not
significantly affect the average glutamate-evoked firing rate of medium spiny neurons in
vivo (P = 0.7713, repeated measures ANOVA). Since the 1.3 V sawhorse waveform at 2400
V/s had the largest charging current of any of the voltage excursions studied, scanning faster
with all other waveforms also should not affect the local cellular environment.

Surface integrity of carbon-fiber microelectrodes after waveform application
Recently, we have demonstrated the use of environmental scanning electron microscopy
(ESEM) as a way to monitor etching that occurs upon waveform application.31 Unlike
traditional scanning electron microscopy, the samples to be imaged do not need to be coated
with a conductor in ESEM. Any change in carbon-fiber diameter can be quantified and a
linear etch rate with respect to the number of waveform cycles applied can be determined.

Figure S-4 and Figure 6 show the effect of each waveform on the etching of carbon-fiber
microelectrodes. Figure S-4 shows representative images of carbon-fiber microelectrodes
after the application of each waveform. Figure 6 shows that the waveform applied
significantly affected the etching rate of the carbon-fiber microelectrode (N = 5 each, P <
0.0001, one-way ANOVA). As shown previously,31 application of the 1.0 V waveform at
400 V/s did not significantly etch the carbon-fiber microelectrode (Figure 6-I). Increasing
the scan rate to 2400 V/s with the 1.0 V waveform also did not significantly etch the
microelectrode (Figure 6-II). This result confirms earlier observations from Figure 1
regarding the stable increase in signal, maintenance of time response, and similar
voltammetric noise levels when increasing scan rate of the 1.0 V waveform.

The 1.3 V cyclic waveform at 400 V/s etched the surface as shown before31 (Figure 6-III),
but increasing the scan rate of this waveform to 2400 V/s significantly decreased the etch
rate (Figure 6-IV) to a value comparable to that of the 1.0 V excursions. This comparable
etch rate probably contributes to the decreased time response and loss in sensitivity with the
1.3 V cyclic waveform at 2400 V/s.

The 1.3 V sawhorse waveform at 2400 V/s had the largest etch rate of any waveform
evaluated (Figure 6-V), etching significantly more than the 1.3 V cyclic waveform at 400 V/
s and 2400 V/s. It is interesting that more etching was needed than the 1.3 V cyclic
waveform at 400 V/s to maintain sensitivity over time. An increased etching rate, yet faster
time response suggests that the adsorption sites created with the 1.3 V sawhorse waveform
at 2400 V/s differ from those present with the 1.3 V cyclic excursions. The increase in
electrode noise measured with the 1.3 V sawhorse waveform at 2400 V/s, that is still present
upon switching back to the 1.3 V cyclic waveform at 400 V/s, was likely due to either a
more reactive electrode etching process, sub-micron electrode resurfacing not visible with
the ESEM, or a deterioration of the electrode-glass seal as more of the carbon-fiber
microelectrode is etched. Taken together, the in vitro responses and etching data shows that
while the 1.3 V sawhorse waveform at 2400 V/s maintains sensitivity over time, it does not
maintain the same surface structure and chemistry.
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CONCLUSION
This work demonstrates the use of faster than the traditional scan rates for enhanced in vivo
sensitivity towards dopamine without increasing quantization error. Signal to noise ratios
increased approximately 4-fold upon increasing scan rate from 400 V/s to 2400 V/s with the
1.0 V waveform. The temporal response and stability of measured dopamine release was
unaffected by increasing scan rate with this waveform. However, increasing the scan rate
from 400 V/s to 2400 V/s led to an unstable decrease in sensitivity in vitro and in vivo with
the 1.3 V cyclic waveform. The creation of a novel sawhorse waveform corrected this loss in
sensitivity, but did not maintain the same surface chemistry as the 1.3 V cyclic waveform at
400 V/s.

A prime advantage in focusing on increasing sensitivity is that other methods of noise
reduction referenced in the introduction can be combined with this approach for even higher
signal to noise ratios. This initial characterization necessitates several future experiments.
This work could be extended to measurements in freely-moving rats performing behavioral
tasks, where localized pH changes are also routinely measured.52, 53 Norepinephrine and
serotonin are present in low levels so their detection would be facilitated by improved
sensitivity.22, 54

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Performance characteristics of the 1.0 V waveform upon increasing scan rate. A) Temporal
response for in vitro injections of 1 μM dopamine at 400 V/s (black dashed line), 1200 V/s
(dark grey solid line), and 2400 V/s (light grey solid line) for a representative electrode. B)
Current versus time trace at the oxidation potential of dopamine for a representative
stimulation in an anesthetized rat. The black bar indicates the duration of the stimulus. C)
Cyclic voltammograms from ten consecutive stimulated dopamine release events measured
in vivo at 2400 V/s (solid lines) from a representative animal. The dotted line represents the
cyclic voltammogram of dopamine at 400 V/s for comparison. D) Baseline normalized
dopamine peak current as a function of time for the 1.0 V waveform at 400 V/s, 2400 V/s,
and back to 400 V/s in vitro (filled squares) and in vivo (open circles). In vitro peak currents
were measured from 1 μM dopamine injections (N = 5 electrodes) and in vivo responses
were measured from stimulated dopamine release in anesthetized rats (N = 5 rats). Both
responses were measured every four minutes.
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Figure 2.
Performance characteristics of the 1.3 V cyclic waveform upon increasing scan rate. A)
Baseline normalized dopamine peak current as a function of time for the 1.3 V cyclic
waveform at 400 V/s, 2400 V/s, and back to 400 V/s in vitro (filled squares) and in vivo
(open circles). In vitro peak currents were measured from 1 μM dopamine injections (N = 5
electrodes) and in vivo responses were measured from stimulated dopamine release in
anesthetized rats (N = 5 rats). Both responses were measured every four minutes. B) Cyclic
voltammograms from ten consecutive stimulated dopamine release events measured in vivo
at 2400 V/s (solid lines) from a representative animal. The arrow indicates time progression.
The dotted line represents the cyclic voltammogram of dopamine at 400 V/s for comparison.
C) Baseline normalized charge for the in vitro data shown in A). D) Temporal response for
in vitro injections of 1 μM dopamine at 400 V/s (black dashed line) and 2400 V/s (black
solid line).
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Figure 3.
In vitro performance of the 1.3 V sawhorse waveform. A) Representative cyclic
voltammograms for the 1.3 V cyclic waveform at 400 V/s (dashed trace) and the 1.3 V
sawhorse waveform at 2400 V/s (solid trace). B) Temporal response for in vitro injections of
1 μM dopamine at 400 V/s with the 1.3 V cyclic waveform (black dashed line) and at 2400
V/s with the 1.3 V sawhorse waveform (black solid line). C) Baseline normalized dopamine
peak current as a function of time for the 1.3 V cyclic waveform at 400 V/s, the 1.3 V
sawhorse waveform at 2400 V/s, and back to the 1.3 V cyclic waveform at 400 V/s in vitro.
In vitro peak currents were measured from 1 μM dopamine injections measured every four
minutes (N = 5 electrodes). D) Baseline normalized charge for the in vitro data shown in C).
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Figure 4.
In vivo performance of the 1.3 V sawhorse waveform in vivo in anesthetized rats. A) Color
plot representation of stimulated dopamine release with the 1.3 V cyclic waveform at 400 V/
s. B) Color plot representation of stimulated dopamine release with the 1.3 V sawhorse
waveform at 2400 V/s. Both A) and B) have the voltammetric sweep plotted to the left of
the color plot and the time axis plotted below B). The black bar indicates the duration of the
stimulus. C) Baseline normalized dopamine peak current as a function of time for the 1.3 V
cyclic waveform at 400 V/s, the 1.3 V sawhorse waveform at 2400 V/s, and back to the 1.3
V cyclic waveform at 400 V/s in vivo (N = 8 locations in seven rats). D) Baseline
normalized charge for the in vivo data shown in C).
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Figure 5.
Average glutamate-evoked firing rate of striatal neurons as a function of time for the 1.3 V
cyclic waveform at 400 V/s, the 1.3 V sawhorse waveform at 2400 V/s, and back to the 1.3
V cyclic waveform at 400 V/s (N = 21 cells in 4 rats). The dashed line represents standard
error of the mean.
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Figure 6.
Carbon-fiber microelectrode etching as a function of the applied waveform. Etch rates for (I)
the 1.0 V waveform at 400 V/s, (II) the 1.0 V waveform at 2400 V/s, (III) the 1.3 V cyclic
waveform at 400 V/s, (IV) the 1.3 V cyclic waveform at 2400 V/s, and (V) the 1.3 V
sawhorse waveform at 2400 V/s. Etch rates are quantified as Angstroms per one thousand
waveform applications. N = 5 electrodes for each condition. Only selected comparisons are
shown for clarity (n.s. – no significant difference, ** - P < 0.01, *** - P < 0.001).
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